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Abstract  

Spatial separation of transcription and translation is one of the hallmark features of 
eukaryotes, facilitated by the nucleus. In recent years, however, viral structures were 
described that appear to have structural and functional similarities to the nucleus, and a 
spatial separation of transcription and translation has been proposed. Many giant viruses 
replicate in the cytoplasm in so-called viral factories. The architecture and spatial 
organization of many replication steps remain obscure to this day. The Mimivirus factory 
has been shown to be made up of two biomolecular condensates called the outer and 
inner layers. In this thesis, we investigate the progression of the outer layer throughout the 
infection to better understand the architecture of the viral factory and the potential role 
of this condensate. We have developed a single-molecule in situ hybridization protocol to 
specifically target Mimivirus messenger RNA (mRNA), allowing us to visualize mRNA 
localization in late-stage infections. Combined with bio-orthogonal amino acid tagging 
and ribosomal RNA fluorescence in situ hybridization we were able to distinguish 
between transcription and translation. We thereby show spatial separation of 
transcription and translation and provide preliminary evidence linking the outer layer 
condensate to these processes. This thesis provides novel tools for studying giant virus 
infections in the future as well as insights into the architecture and inner workings of the 
viral factory. 
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Zusammenfassung 

Die räumliche Trennung von Transkription und Translation ist eines der charakteristischen 
Merkmale von Eukaryoten, das durch den Zellkern ermöglicht wird. In den letzten Jahren 
wurden jedoch virale Strukturen beschrieben, die funktionelle und strukturelle 
Ähnlichkeiten mit dem eukaryotischen Zellkern aufweisen, und für die eine räumliche 
Trennung von Transkription und Translation postuliert wurde. Viele Riesenviren replizieren 
im Zytoplasma der Wirtzelle in sogenannten viral factories. Die Architektur und räumliche 
Organisation vieler Replikationsschritte innerhalb dieser viral factories ist bis heute 
unklar. Es wurde gezeigt, dass die Mimivirus viral factory aus zwei biomolekularen 
Kondensaten besteht, die als äußere und innere Schicht bezeichnet werden. In dieser 
Arbeit untersuchen wir die Entwicklung der äußeren Schicht im Laufe der Infektion, um 
die Architektur der viral factory und potenzielle Rollen dieses Kondensats besser zu 
verstehen. Wir haben ein Protokoll zur single molecule in situ hybridization (smFISH) 
entwickelt, das spezifisch virale messenger RNA (mRNA)markiert und es uns ermöglicht 
mRNA-Lokalisierung in späten Infektionsstadien sichtbar zu machen. In Kombination mit 
bio-orthoginal amino acid tagging und FISH an ribosomaler RNA der Wirtzelle sind wir in 
der Lage Transkription und Translation visuell zu unterscheiden. Mit diesen Methoden 
zeigen wir eine räumliche Trennung von Transkription und Translation. Wir liefern 
außerdem erste Hinweise, dass die äußere Schicht in diesen Prozessen involviert ist. 
Diese Arbeit liefert neue Werkzeuge für die Erforschung von Riesenvirusinfektionen sowie 
Einblicke in die Architektur und Abläufe im inneren der viral factory. 
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List of abbreviations 

MOI  multiplicity of infection 

h.p.i.  hours post infection 
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1 Introduction 
The jump from prokaryotes, bacteria and archaea, to eukaryotes is largely a matter of size 
and its subsequent implications. Eukaryotic cells are 3-4 orders of magnitude larger than 
prokaryotic cells1. This means that proteins and molecules within the cell need to be 
trafficked more efficiently, and the cell often needs to be compartmentalized2 3.   

While prokaryotes do show compartmentalization it is not to the same extent as is the 
case for eukaryotes. Although some bacteria possess lipid bound compartments 
necessary for carbon fixation or photosynthesis and even around the chromosome4 5 6 
these structures do not occur universally in prokaryotes. Meanwhile, eukaryotes all share 
a certain internal structure composed of an endomembrane system, mitochondria and a 
nucleus. The characteristic membrane bound organelles are one well described way for 
the cell to spatially organize metabolic functions7. Another way for cells to achieve 
compartmentalization is through so-called liquid-liquid phase separation. This is a 
relatively novel concept that has gained traction in recent years. It relies on protein 
interactions creating membrane-less organelles also referred to as biomolecular 
condensates that concentrate certain molecules to facilitate reactions8.  

The spatial separation of transcription and translation is a hallmark of eukaryotes brought 
forth by the nucleus. Prokaryotes are known for their coupled transcription and 
translation forming RNA-Polymerase – mRNA – ribosome complexes9. This means that 
ribosomes bind nascent mRNA before transcription is terminated to begin translation10. 
In eukaryotes transcription occurs in distinct locations inside the nucleus called 
“transcription factory”11 and translation occurs outside of the nucleus at the rough 
endoplasmic reticulum (RER) or in the cytoplasm12. That allows mRNAs to be processed 
inside the nucleus prior to translation ensuring only mature mRNAs are translated13.  

While this spatial separation was long considered a phenomenon solely associated with 
eukaryotes recent discoveries have shown functionally similar structures in viruses14 15 16.   
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1.1 Introducing giant viruses 
Viruses were long defined via their small particle sizes, condensed genomes and parasitic 
nature. Their genomes were believed to be reduced to the minimum and to not encode 
any elements for protein synthesis machinery or metabolic pathways1718. Historically 
scientists filtered samples to exclude everything larger than known viruses when looking 
for novel viruses introducing a sampling bias and excluding anything defying this 
definition.  

The first isolation of a so-called giant virus comes from a cooling-tower sample of a 
pneumonia outbreak in 199219. At that time, it was believed to be a bacterium due to its 
size and reaction to gram staining. In 2003 however this was identified as an unusually 
large virus with a capsid size of 400-500 nm20, a genome of 1.2 megabases and many 
orphan genes. But most astonishingly it was later found that this virus encodes for genes 
related to translation like elongation and initiation factors and even tRNAs21. In the years 
following the discovery of Mimivirus the hunt for other giant viruses uncovered a huge 
diversity of novel viruses with previously unthinkable properties persistently challenging 
current views on viruses22. 

The subsequently discovered viruses are now grouped under Nucleocytoviricota which is 
a phylum of large DNA viruses most of which can replicate in the cytoplasm23. This is a 
very diverse phylum including Poxviridae, Asfarviridae, Iridoviridae, Phycodnaviridae, 
Marseilleviridae and Mimiviridae24 which are found in a wide range of environments25.  

Unsurprisingly these different viruses also employ different replication tactics. While 
many of them have cytoplasmic replication stage creating a nuclear like environment 
called the viral factory, some viruses like Noumeavirus recruit nuclear replication factors 
during early-stage infection26 or even initiate replication in the nucleus (Asfarviridae27) 
before moving to the cytoplasm, while others like Mimivirus and Tupanvirus do not rely on 
the nucleus whatsoever28 29. A minority of giant viruses has also been described to 
replicate in the nucleus which can cause large restructuring of the nucleus30 31. 
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1.1.1 Mimivirus infection and replication  

Mimivirus, as well as many other giant viruses32, replicates in the cytoplasm. It enters the 
cell via phagocytosis and upon infection the viral particle releases a core through the so-
called stargate structure33. Early transcription is shown to be initiated in this core. DNA 
replication around the site in which each core releases its contents establishes an early 
viral factory. Each viral particle establishes one early viral factory which later fuse to 
become a single mature factory34. The architecture of these factories has remained 
enigmatic for a long time. Studies showed assembly of rough endoplasmic reticulum 
(RER) cisternae in proximity to the factory at 7-8 hours post infection35 but further 
characterization of the architecture and internal workings of the viral factory is still 
lacking. In a recent study, Rigou et al.. have shown evidence that these factories are 
composed of at least two distinct biomolecular condensates36. This can partly explain 
how early viral factories appear to first cluster and then fuse in early stages of infection. 
The two condensates were termed inner and outer layer which are shown to be made up 
by the Inner Layer Scaffold protein (ILS1) and Outer Layer Scaffold protein (OLS1), 
respectively. The same study also provides evidence that DNA associates to the ILS1 
which co-localizes with the viral factories while the OLS1 forms a layer around unfused 
factories facilitating the fusion process37. Associated with the OLS1 they found ribosomal 
proteins and eukaryotic translation initiation factors suggesting this condensate might 
play a role in mRNA processing and translation regulation38. A previous study has shown 
mRNA accumulation in sites adjacent to early viral factories containing replicating DNA 
during early stages of replication39, however the spatial distribution of transcription and 
translation especially during later stages remains to be elucidated.  

1.1.2 Similarities of the viral factory and the eukaryotic nucleus 

The Mimivirus viral factory is a DNA-dense cytoplasmic structure that reaches roughly the 
size of a nucleus40. It is independent of the host nucleus and created by the virus for its 
own replication. Throughout the cycle the initial early viral factories coalesce into one 
mature one that can grow until cell lysis. After around 8 h.p.i. it reaches a size similar to 
the host nucleus. Around this time during the infection membranes studded with 
ribosomes are recruited to the periphery of the factory41. This creates an environment 
showing substantial structural similarities to the nucleus. DNA is replicated within the 
factory while it is surrounded by a membrane with ribosomes associated. Liquid-liquid 
phase separation appears to play an important role in the development and maintenance 
of the viral factory42. While the nucleus is membrane bound liquid-liquid phase separation 
is also known to play an important role in nuclear sub-compartmentalization43.  

In addition to the described structural similarities there have been reports on functional 
similarities of the viral factory and the nucleus. Marseillevirus has been found to encode 
histone doublets44. These are localized in the viral factory as well as inside the packaged 
viral particles. This shows a non-eukaryotic organism with this DNA packaging 
mechanism45.  
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Mimivirus has been shown to harbour genes related to translation and possesses mRNA 
capping machinery46 47. This is widely considered a hallmark of the eukaryotic 
transcription translation system as it plays a role in the uncoupling of these processes. 
The presence of these enzymes and subsequently possible ability to process their own 
mRNAs48 suggests a transcription-translation system more similar to eukaryotes. 

Whether transcription and translation are truly separated during Mimivirus infection and 
where they take place remains to be investigated. 

1.2 Liquid-liquid phase separation  
Cells have to orchestrate many reactions in parallel efficiently. To that end they have 
developed specific membrane enclosed compartments that allow spatial partitioning of 
important reactions. Still there are many reactions happening in the cytoplasm and within 
these spaces that need to be tightly regulated. These reactions are frequently regulated 
by compartments that are made up by liquid-liquid phase separation49.  
These membrane-less organelles also referred to as biomolecular condensates have 
liquid-like properties. They can rapidly fuse, divide and dissolve in response to 
environmental factors50 51. Condensates can also vary in fluidity from liquid to gel-like and 
can become almost solid. The degree of fluidity is directly correlated with the 
condensates function52. 

The first description of biomolecular condensates came from Caernohabditis elegans. In 
2009 Li P. et al. described P granules as liquid-like drops that can fuse and behave 
similarly to water.53 Since then more cases of this phenomenon have been described, and 
it has been connected to various diseases from cancer54 to neurological disorders like 
amyotrophic lateral sclerosis55.  

1.2.1 The role of intrinsically disordered proteins  

Many condensates are made up of intrinsically disordered proteins56 without them 
interacting with binding partners. The ability of an intrinsically disordered protein (IDP) to 
undergo phase separation is highly dependent on its composition.   
Interactions contributing to phase separation induced by IDPs range from pi-pi 
interactions to electrostatic interactions57 or can be mediated by potential low complexity 
segments in the disordered region58 59.  

Intrinsically disordered regions often contain many modification sites. Depending on the 
modification they can affect structure, hydrophobicity and charge of the region which in 
turn affects how the protein interacts with the environment, creating or destroying 
interaction sites. The cell can use this to mediate the properties of biomolecular 
condensates in response to environmental changes60.  
Different post translational modifications have different effects on the condensates. 
These effects only vary depending on the modification but also on the residue. 
Phosphorylation can modify the behaviour and sub-compartmentalization of 
condensates61 while methylation often plays a role in either the dissolution or the 
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assembly of condensates27 62. The dynamic of these modifications is used by the cell to 
modify the properties of the condensate allowing even for a switch in function63 64. 

1.2.2 Liquid-liquid phase separation in cellular processes 

One of the fundamental processes regulated by liquid-liquid phase separation in 
eukaryotic cells is transcription. Transcription in eukaryotes occurs in the very packed 
complex environment of the nucleus and must therefore be highly regulated. While the 
functional mechanisms have been studied in a lot of detail the spatial organization has 
remained an open question for a long time.  

It has already been shown in 1993 that transcription takes place at discreet sites inside 
the nucleus instead of an even diffusive distribution65. These sites have been referred to 
as transcription factories66 and are known to have higher concentrations of RNA 
Polymerase 267. In recent years this distinct spatial organization has been linked to liquid-
liquid phase separation showing that phase separation plays a role in defining these sites 
and controlling gene expression68 69. Similarly, evidence shows RNA Polymerase 
clustering associated with liquid-liquid phase separation in certain stages of the life cycle 
in E. coli70. Liquid-liquid phase separation has further been shown to play a crucial role in 
chromatin organization71. It is a relevant player in chromatin condensation, loop extrusion 
and nuclear compartmentalization72.  

But not only the cell can utilize liquid-liquid phase separation. Pathogens, especially 
viruses, are known to create environments favourable for their own replication within host 
cells to help them replicate efficiently. This has been shown to be the case for Influenza 
A73 as well as SARS-Cov 274 and Measles virus75. For different viruses this can look 
different. A striking example is the Mimivirus factory. As previously mentioned Mimivirus 
creates a biphasic viral factory upon infection. The two phases, the inner and outer layer, 
are made up by scaffold proteins called inner layer scaffold 1 (ILS1) and outer layer 
scaffold 1 (OLS1). It has been shown that ILS1 forms condensates in the presence of 
linear and circular DNA76 and has been observed to associate with the DNA in viral 
factories77. OLS1 has been shown to play a role in the coalescence of early viral factories 
and has been suggested to be involved in translation and mRNA processing. The 
phenomenon of liquid-liquid phase separation forming cytoplasmic viral factories has 
further been shown to be the case in many other Nucleocytoviricota78. 
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1.3 Aim of the thesis 
The architecture and inner workings of the Mimivirus viral factory have remained elusive 
after more than 20 years of research on giant viruses. While there are several papers 
suggesting a spatial separation of transcription and translation, no direct evidence has 
been given to date. In this thesis we aim to elucidate the spatial organization of 
transcription and translation during late-stage infection. Furthermore, by characterizing 
the outer layer condensate, we aim to gain insights into the structural and potential 
functional changes the viral factory undergoes throughout the course of a Mimivirus 
infection. 

Due to the recent discovery, not many protocols specifically tailored towards studying 
giant viruses are available. In this thesis we therefore aim to establish a single molecule 
mRNA fluorescence in situ hybridization (smFISH) protocol targeting viral mRNA in 
amoeba host cells. As the spatial distribution of transcription and translation during giant 
virus infections especially at late stages of infection has not been shown yet we aim to 
visually distinguish the two processes using our smFISH combined with other methods to 
label proteins and nucleic acids (BONCAT, and DAPI). This protocol allows us to gain novel 
information on the inner workings of the viral factory. In addition, we will track the 
restructuring of cellular membranes throughout the infection. This will provide insights 
into the availability of ribosomes during different timepoints as well as visualizing 
membrane structures associated with the viral factory. 

We further aim to characterize the outer layer of the viral factory throughout the full 
infectious cycle. This will show how the condensate changes on a cell biological basis as 
well as biophysically. We will gain insights into changes of the factory’s architecture as 
well as potential functions of the outer layer.  

Overall, this thesis will provide novel insights into the regulation of important processes 
like transcription and translation in the viral factory and how this unique structure 
progresses and changes throughout the infectious cycle. 
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2 Results 

2.1 mRNA localization changes during the infection cycle 

 

Figure 1: Mimivirus mcp mRNA localizes at different sites during the course of infection. 
(A, B, C) Cells were infected with an MOI of 0.5 and harvested at 4 h.p.i. (A) DAPI staining (light blue) of six amoeba cells, 
of which three are infected. A brighter DAPI signal can be observed in the nucleus (N) and the early viral factories (eVFs) 
of the cells. (B) No Mimivirus mcp mRNA signal (magenta) is visible at 4 h.p.i. (C, F, I) Overlay of DAPI staining (light blue) 
and Mimivirus mcp mRNA signal (magenta). (D, E, F) Cells were infected with an MOI of 0.5 and harvested at 6 h.p.i. (D) 
DAPI staining (light blue) of two infected amoeba cells. (E) Mimivirus mcp mRNA signal (magenta) is localized around 
the viral factories. (G, H, I) Cells were infected with an MOI of 1 and harvested at 20 h.p.i. (G) DAPI staining (light blue) 
of one infected amoeba cell. A brighter DAPI signal can be observed in the nucleus (N), the viral factory (VF), and the 
viral particles (white arrows indicate three examples) within the cell. The viral particles can be observed budding out of 
the viral factory and within the rest of the host cell. (H) Mimivirus mcp mRNA signal (magenta) of one infected amoeba 
cell at 20 h.p.i. is localized surrounding and at specific spots within the viral factory. The scale bars are drawn on top of 
the original ones for visibility. This image is part of already published work from the defendant 
[https://doi.org/10.1128/jvi.00554-25] 

Previous studies have combined electron tomography and fluorescence microscopy to 
show that each viral core establishes an early viral factory after being released into the 
cytoplasm and that those early viral factories can fuse to become a mature viral factory 

https://doi.org/10.1128/jvi.00554-25
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at later stages of infection79. Incubating the infected cells with bromodeoxyuridine (BrdU) 
which is incorporated into DNA during replication Mutsafi et al. were able to show that 
DNA replication occurs in the host cytoplasm after the exit of the Mimivirus genomes from 
the viral cores80. In the same study they propose that early transcription is initiated in the 
viral cores and used bromouridine (BrU) which is incorporated in newly synthesized 
mRNA to show mRNA accumulation at discrete sites in the cytoplasm adjacent to the 
sites of DNA replication81. Their findings suggest that transcription during early timepoints 
may take place outside of the viral factory. The mRNA is however still found in the 
periphery of the early viral factories leading us to believe it may be within the outer layer 
condensate. To better understand the intracellular localization of Mimivirus mcp mRNA 
during infection, we use the newly developed smFISH method. 

Acanthamoeba terricola Neff host cells were infected with Mimivirus, and the cells were 
harvested at different time points during the infection cycle. Consistent with the results 
described previously we observe multiple early viral factories at the intermediate 
timepoint 4 h.p.i. and a big mature one during later stages of infection (>6 h.p.i.) (Fig.2). 
We observe signal from our mcp mRNA probes only starting at 6 h.p.i. (Fig. 1E), not yet at 
4 h.p.i. (Fig. 1B), which is in line with the transcriptomic data82. We observe signal from 
our probes up until shortly before cell lysis (12-20 h.p.i.). Interestingly, the signal 
distribution at 6 h.p.i. is different from the later stages. Shortly after fusion of the viral 
factories (6 h.p.i.) the mRNA can only be observed as a ring around the viral factory (Fig. 
1E). In later stages of infection however we consistently observe mRNA accumulation in 
discrete sites within the viral factory as well as mRNA localised in the ring around it (Fig. 
1H). This distribution indicates that transcription takes place within these discrete sites 
while translation may occur at the periphery of the mature viral factory83. 

 

Figure 2: mRNA localizes in distinct sites of lower DAPI signal inside the mature viral factory. 
(A) The late-stage viral factory showing multiple distinct spots of lower signal intensity using DAPI staining (light blue). 
In (B) viral mRNA is depicted in magenta. (C) The overlay shows the sites exhibiting lower DAPI signal appear to be filled 
with viral mRNA. This image is part of the supplementary material of already published work from the defendant 
[https://doi.org/10.1128/jvi.00554-25].  

Morphological changes of the viral factory are not reduced to the fusion of early viral 
factories to mature factories. It is also noteworthy that after fusion the DAPI staining of 
the factory is very strong and even while later stages of infection (>12 h.p.i.) show uneven 

A B C 

https://doi.org/10.1128/jvi.00554-25
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staining with distinct holes observed in the factory. These sites are where we consistently 
observed the mRNA to localise.  

2.2 Translation occurs at the periphery of the viral factory 

 

Figure 3: Translation localization coincides with mRNA localization surrounding the viral factory at late infection 
stages. Cells were infected with an MOI of 1 and harvested at 21 h.p.i. (A) DAPI staining (light blue) of one infected 
amoeba cell. A brighter DAPI signal can be observed in the viral factory (VF) of the cell and for viral particles (white 
arrows indicate three examples) that can be seen budding out of the viral factory and filling the rest of the cell. (B) 
Mimivirus mcp mRNA signal (magenta) of the same cell as in panel A. The mRNA is localized surrounding the viral 
factories and at specific spots within the viral factories. (C) FUNCAT signal (yellow) of the same cell as in panel A. The 
strong FUNCAT signal suggests that the exported Mimivirus mRNA is translated here. (D) Overlay of DAPI staining (light 
blue), Mimivirus mcp mRNA signal (magenta), and FUNCAT (yellow) of the same cell as in panel A. For visibility, the 
scale bars are drawn on top of the original ones. This image is part of already published work from the defendant 
[https://doi.org/10.1128/jvi.00554-25] 

Following up on our previous results showing that exported mRNA remains near the viral 
factory (Fig. 1E), which suggests that viral translation might occur in this location, we have 

https://doi.org/10.1128/jvi.00554-25
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combined the smFISH with bio-orthogonal non-canonical amino acid tagging (BONCAT). 
This method relies on the incorporation and subsequent visualization of 
Homopropargylglycin (HPG) in newly synthesized proteins84 85 86  and is also frequently 
referred to as FUNCAT (fluorescent non-canonical amino acid tagging) 87 88. 

Our results show a ring around the factory where amino acids have been incorporated 
within the last 30 minutes. This ring co-localizes with the ring seen in our mRNA signal 
suggesting active translation of viral mRNA at this location (Fig. 3)89. Recent studies have 
shown that giant viruses and their known hosts frequently present a mismatch in codon 
usage90. It has been shown that mRNA stability heavily relies on codon optimality91. This 
opens the questions on how giant viruses can still replicate effectively despite the 
significant codon mismatch. Mimivirus, as well as many other giant viruses, encodes its 
own tRNAs. Recent data shows however, that the tRNA pool throughout the Mimivirus 
infection in Acanthamoeba terricola is not significantly altered92. It was therefore 
suggested that instead they create an environment favourable for viral translation in 
which the necessary tRNAs as well as ribosomes and translation factors will be 
enriched93. 

 

Figure 4: Restructuring of membranes and membrane recruitment to the factory in late-stage infection 
(A-E) show the cells after 4 hours of infection with Mimivirus. Using the DiD staining (B) we can see that the area where 
the early factories cluster is a membrane-free hydrophilic environment. In (C) BONCAT signal shows accumulation of 
amino acids that have been incorporated within the last 30 minutes around the factories while rRNA FISH signal in (D) 
shows only very weak signal in the area of the factories. (F-J) show cells after 7 hours of infection. Notably here the DiD 
signal in (G) and the rRNA signal in (I) look almost identical. BONCAT in (H) shows an increase of signal intensity around 
the factory while the signal in the rest of the cell becomes weaker. However, a ring of BONCAT signal around the nucleus 
remains. (K-L) show. This image is part of the supplementary material of already published work from the defendant 
[https://doi.org/10.1128/jvi.00554-25]  

To further test this hypothesis, we performed FISH on ribosomal RNA tracking its 
localization throughout the infection. We combined this with FUNCAT and a lipophilic 

https://doi.org/10.1128/jvi.00554-25
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carbocyanine DiD dye, which enhances fluorescence when incorporated into 
membranes or bound to lipophilic biomolecules such as proteins. The results show that 
in all the timepoints the rRNA and DiD signals are almost identical (Fig. 4 B&D, G&I, L&N) 
suggesting that most ribosomes remain membrane associated throughout the infection. 
At 4 h.p.i., we observe no membranes in the area where the early viral factories cluster 
(Fig. 4B) which is consistent with the evidence for liquid-liquid phase separation. After 
fusion of the factories, we can see membranes with ribosomes associated start 
assembling close to the viral factory (Fig. 4G) leading to a membranous ring around the 
factory overlapping with rRNA and FUNCAT signal at very late stages of infection  
(Fig. 4L-N). This signal likely indicates the host membranes known to be recruited to the 
VF94. These host membranes have the characteristic appearance of rough endoplasmic 
reticulum (ER). They are studded with ribosomes47, further supporting the hypothesis that 
the translation of Mimivirus mRNA occurs at this ring surrounding the VF. 

Comparing the appearance of the nucleus with that of the viral factory using these 
staining we can see certain similarities in these images. Both at 4 h.p.i. and 7 h.p.i. the 
nucleus appears as a dark area in DiD staining, BONCAT and rRNA FISH. At 7 h.p.i. when 
membranes are recruited to the factory, we observe less signal in the vicinity of the 
nucleus compared to 4 h.p.i. but instead we observe a faint ring around the nucleus with 
all stainings similar to our results from the mature viral factory at 12 h.p.i.. This indicates 
architectural and functional similarities of the viral factory and the eukaryotic nucleus. 
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2.3 Outer layer changes spatial distribution and biophysical properties 
throughout the infection 

To understand the progression of the architectural changes in the viral factory and how 
they could be mediated by liquid-liquid phase separation we used live imaging to follow a 
full infectious cycle of Mimivirus in Acanthamoeba terricola Neff cells engineered to 
overexpress GFP-tagged OLS195, provided by our collaborator Hugo Bisio. The 
overexpressed viral protein indicates the localization of the outer layer condensate 
allowing us to get a full picture of the developmental changes of the factory throughout 
the infection. 

2.3.1 Changes in spatial distribution 

Our results in early and intermediate timepoints are consistent with the results previously 
describes in Rigou et al.. for 4 h.p.i. and 6 h.p.i.96. At 4 h.p.i. we observe clustered early 
viral factories that are surrounded by the OLS1 (Fig. 5A). This appears to create a shared 
environment for the viral factories while separating them from the cytoplasm of the host 
cell. After fusion of the factories the GFP-tagged OLS1 remains as a ring around the 
factory with only very little signal detected inside the factory (Fig. 5A). As the infection 
progresses OLS1 migrates into the viral factory around 10 h.p.i. completely filling the 
factory (Fig. 5A). The potential sub-compartment of the outer layer proceeds to 
condensate into distinct sites within the factory.  

Interestingly the progression of spatial distribution of OLS1 throughout the infection 
shows strong similarities with the signal obtained using our mRNA-FISH protocol (Fig.1H). 
This suggests that mRNA may associate with the outer layer condensate. Combined with 
previous evidence showing that eukaryotic translation initiation factors associate with 
OLS197 this indicates that one of the potential roles of the outer layer may lay in the spatial 
organization of transcription and translation. 
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Figure 5: Comparison of protein localization and recovery speed at different timepoints 
(A) Localization of GFP tagged OLS1 over the course of a Mimivirus infection. We observe a change in localization from 
predominantly outside the factory at early and intermediate timepoints to both inside and outside the factory at late 
stages of infection. (B) Schematic drawing of the different stages observed and where bleaching was applied. It is 
important to note that not all scans were obtained at corresponding locations to the ones indicated but these show the 
majority. (C) Fluorescence data obtained from bleaching the samples. The scatter plot shows the mean values while 
the line is a calculated regression approximating logarithmic growth. In black points where 90% of the maximum 
fluorescence was reached are indicated. This measurement is used to compare diffusion speed. 

2.3.2 Changes in biophysical properties 

Understanding the biophysical properties of condensates is a crucial part of 
understanding changes in the progression of their function. The fluidity of a condensate 
influences the diffusion speed and therefore influences the speed at which reactions may 
take place as well as the general mobility of molecules. We have characterized different 
stages of outer layer condensate behaviour through the localization of its scaffold protein 
showing 4 distinctly different stages throughout the infection. To understand whether 
these 4 stages behave similarly, in collaboration with Hugo Bisio, we performed 
fluorescence recovery after photo-bleaching assays on live cells. For these assays a 
certain area of the condensate was bleached with a laser and then a time scan was 
acquired which showed how much fluorescence was recovered after a given amount of 
time and when recovery plateaued. To compare the fluidity of the condensates we 
compare how fast the curve plateaus. This depends on the speed of diffusion which 
changes depending on how fluid the condensate is. It is however important to note that 
changes in the recovery speed can also indicate binding of the OLS1 to other molecules 
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making a larger complex that moves more slowly. Further experiments are required to 
investigate the cause of differences observed in this assay. 

Our results show differences in the recovery rates at different timepoints that are most 
pronounced at 10 h.p.i. compared to other timepoints (Fig. 5C). Early viral factories of up 
to 5 h.p.i. could not be measured due to rapid movement of the amoebae. The data 
acquired at 6 h.p.i. was excluded from formal analysis since we only acquired data up to 
roughly 60 seconds post -bleach while 10 h.p.i. and 12 h.p.i. were scanned for over 80 
seconds. The preliminary data of 6 h.p.i. however shows similar behaviour of this 
timepoint to 12 h.p.i.. To compare how fast the curves reach a plateau, we calculated the 
points where they reach 90% of the maximum fluorescence. At 12 h.p.i. this was reached 
after 42.05 seconds while 10 h.p.i. reached 90% after 44.73 seconds (Fig. 5C). Further 
analysis and a larger sample size will be necessary to determine whether this difference 
is statistically significant. 

Measuring fluorescence recovery after photo-bleaching (FRAP) we can also compare the 
mobile fraction of proteins in the condensate. This term refers to the proteins free to 
diffuse and can be measured by the height at which the curve reaches a plateau. The more 
proteins can diffuse the more fluorescence can be recovered and the higher the curve 
reaches a plateau. We observe a difference in the mobile fraction that is again most 
pronounced at 10 h.p.i. compared to other timepoints. The data was normalized against 
the fluorescence of the regions outside the bleached area to account for overall loss of 
fluorescence caused by both bleaching a significant part of the population of fluorescent 
proteins as well as general bleaching caused by the image acquisition. Additionally, we 
performed a baseline normalization to have the same starting values for each curve 
facilitating the comparison of relative fluorescence recovery. Our analysis shows the 
largest mobile fraction at 6 h.p.i.. This timepoint recovers 77% of fluorescence compared 
to pre-bleach fluorescence. Late timepoints show lower mobile fractions with the lowest 
being 54% at 10 h.p.i. and 66% at 12 h.p.i. This lower mobile fraction could be taken as an 
indication of the OLS1 being immobilized by interaction partners but could also indicate 
substantial hardening of the structure and should therefore be interpreted with care. The 
data currently available can only be used to characterise differences and not underlying 
mechanisms. 
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2.4 Outer layer sub-compartments have different biophysical 
properties 

 

Figure 6: Comparison of fluorescence recovery rates of different localizations of the outer layer at late-stage 
infection (A) shows images of a viral factory at 10 h.p.i. before and after bleaching showing rapid recovery of 
fluorescence around the factory already after 5.72 seconds while the center remains bleached. (B) shows fluorescence 
data obtained from bleaching the samples. The scatter plot shows the mean values while the line is a calculated 
regression approximating logarithmic growth. In black points where 90% of the maximum fluorescence was reached 
are indicated. This measurement is used to compare diffusion speed. 

Our observations show that the outer layer of the Mimivirus viral factory undergoes 
biophysical changes over the course of an infection that temporally correlate with 
changes in localization of the condensate. The spatial distribution of OLS1 goes from 
solely outside the factory to both inside and outside the factory. This change appears to 
happen at the same time as we observe changes in fluorescence recovery rates. 
Therefore, we further investigated whether there is a difference in recovery rates between 
the different sub-compartments. To this end we compared the recovery of the border (i.e. 
ring-like signal) with the center of the factory.  

We observe a visually clear difference in fluorescence recovery speed between the border 
and the central sub-compartments of the outer layer condensate (Fig.6A). The contrast is 
most pronounced at 10 h.p.i., which is consistent with the results described above. Both 
data sets (border and center) contain data from 10 h.p.i. and 12 h.p.i. only. At 6 h.p.i. OLS1 
does not localize in the center thus comparison between central and border signal cannot 
be made at this timepoint and was therefore excluded.  

Our results show that the border region recovers after 39.88 seconds while the center only 
recovers after 44.73 seconds. This shows identical recovery rates of the center and 10 
h.p.i. as described above which may be due to the large fraction of area the central part 
of the outer layer takes up at that timepoint. At 10 h.p.i. each region selected for bleaching 
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will inevitably be dominated by the central part of the outer layer due to its distribution at 
that timepoint (Fig. 5B) explaining the identical recovery rates. Comparing the results 
obtained from comparing the border to the center to the results of 12 h.p.i. (Fig. 5C) shows 
that overall, this timepoint shows a mixture of the rates consistent with the distribution of 
the sub-compartments (Fig. 5B). Further analysis will show whether the center at 
different timepoints and the border at different timepoints show variations in 
fluorescence recovery speed. This will however require a larger sampling size for each. 

Comparing the border and the center we see that they recover to the same amount of final 
fluorescence. The starting fluorescence before bleaching however is different which gives 
us a mobile fraction of 48% for the border and 69% for the center. It is worth noting that 
the small movements that we were not able to correct during image processing affected 
the data recovery especially for small regions like the border potentially influencing the 
captured mobile fraction. 

These results suggest that at 10 h.p.i. the outer layer sub-compartmentalizes leading to 2 
compartments with distinctly different biophysical properties and localizations. Whether 
these two compartments are formed earlier and separate at late stages of infection or the 
sub-compartmentalization is introduced only at this stage remains to be investigated 

2.5 mRNA colocalizes with the outer layer scaffold 1 
The outer layer of the viral factory has previously been suggested to be involved in 
translation. Rigou et al.. show in their study that ribosomes co-precipitate with OLS1 and 
the eukaryotic translation initiation factor eIF4e localized at the outer layer as well98. This 
is consistent with our data showing translation at the periphery of the viral factory (Fig. 2).  

Our results further suggest involvement of the outer layer in transcription. Signal 
distributions of mRNA (Fig. 1) and OLS1 (Fig. 5) at late stages of infection show striking 
similarities. Previous data showing distinct transcription sites adjacent to early viral 
factories suggest transcription may take place in the outer layer during early infection 
stages99. Combined with our data of late infection stages this indicates that the outer layer 
may be involved in maintaining transcription sites throughout the infection.  
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Figure 7: Colocalization of Mimivirus mcp mRNA with GFP-OLS1 aggregates. 
The cells were infected with Mimivirus at MOI 5 and sampled after 13 hours of infection. Subsequently mRNA FISH was 
performed, and they were imaged using a confocal laser scanning microscope. (A) shows the viral factory stained by 
DAPI (light blue). In (B) we see the GFP-tagges OLS1in green and (C) shows viral mRNA visualized using smFISH in red. 
The overlay in (D) shows clear colocalization of viral mRNA and OLS1. 

To test this hypothesis, we used mRNA FISH on GFP-OLS1 overexpressing cells. Due to 
technical issues, we were only able to image the cells at 13 h.p.i.. The timing of infection 
the infection cycle can differ per experiment, depending on the cell batch, the 
temperature, medium, etc. In this case, many cells were lyzed and the viral factory had 
started to disintegrate, rendering the results of little biological significance. The 
overexpressed GFP-tagged OLS1 is known to form condensate like structures throughout 
the cell in uninfected cells as well as early stages of infection. We observe similar 
structures at 13 h.p.i. with some of the protein still localizing around the factory and large 
parts aggregating in random sites within the cell. These structures bear no biological 

A B 

C D 
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significance but are created by OLS1 as a result of its phase separating properties. In this 
preliminary data we observe mRNA localizing to these structures suggesting a strong 
association of mRNA with OLS1 formed condensates (Fig. 7).  

2.6 MOI influences number of transcription sites in late-stage viral 
factories 

To investigate whether the discrete mRNA spots we observe at late stages of infection in 
the mature viral factory are preserved from the initial sites of transcription initiation of 
each virus we followed the course of a Mimivirus infection with an increasing multiplicity 
of infection (MOI: the number of viral particles per cell). 

Consistent with Mutsafi et al.100, we observe that with an increasing MOI, a higher number 
of eVFs are formed within each cell (Fig. 8 and B at 4 h.p.i; Spearman’s rho = 0.783, P-
value < 2.2e-16, S = 293682, see also Fig. S1). This increase is significant at each MOI step 
(Fig. 8A and B at 4 h.p.i and Table S2). We use DAPI staining to count early viral factories 
at 4 h.p.i. which tells us how many virions were able to establish an infection. At 14 h.p.i. 
we count the number of distinct viral mRNA sites present inside the mature viral factory.  
Also, here, we observe that there is a positive correlation between the MOI and the 
number of distinct viral mRNA spots present in the fused VFs (Fig. 8B at 14 
h.p.i; Spearman’s rho = 0.749, P-value < 2.2e-16, S = 260134). The increase in the counted 
number of mRNA spots is significant at most steps (Fig. 8A and B; Table S2) except for the 
first (from MOI 0.5 to MOI 2). When comparing the counted eVFs and the distinct mRNA 
spots, there is no significant difference at most steps, except for MOI 2 (Fig. 8B; Table S2). 
These results suggest that the transcription sites established at the remnant of the viral 
core are conserved throughout the infection even after fusion of the early viral factories 
into one101. Each early viral factory contributes one transcription site. The progression of 
transcription localization throughout the full infectious cycle remains to be investigated. 

Our previous results show association of mRNA to the outer layer condensate, and the 
distribution of this condensate exhibits the same sites within the factory that we observe 
using mRNA FISH. This strongly suggests that liquid-liquid phase separation and 
specifically the outer layer may be responsible for the maintenance of these sites from 
the very beginning of the infection. This may be further evidence for two potential sub-
compartments of the outer layer. One for transcription, one for translation. Regulating 
transcription and translation in this manner may allow the virus to transport mRNAs 
quickly and efficiently while ensuring proper processing of mRNAs prior to translation. It 
would also make it possible for the virus to respond quickly and flexibly to environmental 
changes. 
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Figure 8: The original viral cores possibly serve separate transcription sites within the fused mature viral factory. 
(A) DAPI staining (light blue) and Mimivirus mcp mRNA signal (magenta) of amoeba cells infected with different MOIs at 
4 and 14 h.p.i. The Mimivirus mcp mRNA signal cannot be observed at 4 h.p.i as expression levels are undetectable at 
this time point. (B) The number of early viral factories counted at 4 h.p.i, and the number of distinct mRNA sites counted 
at 14 h.p.i after infection with different MOIs. Please note that only infected cells were considered for counting eVFs and 
mRNA spots. Therefore, the MOI 0.5 and MOI 2 appear inflated compared to the actual MOI used. (C) The viral copy 
number was measured by digital PCR at 4 h.p.i and 14 h.p.i.  This image is part of already published work from the 
defendant [https://doi.org/10.1128/jvi.00554-25] 

https://doi.org/10.1128/jvi.00554-25
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3 Discussion 
The results presented in this thesis provide novel insights into the architecture of the 
Mimivirus viral factory throughout the infection as well as the spatial organization of 
transcription and translation in late-stage infection. We further introduce protocols 
specifically developed to study giant virus infection which can be used to characterize 
single as well as co-infections (Fig. S3) of different viruses. 

We provide evidence for spatial separation of transcription and translation at late stages 
of Mimivirus infection in amoeba host cells. We further provide preliminary results 
suggesting that the outer layer of the Mimivirus factory may be responsible for spatial 
organization of transcription and translation throughout the infection. Transcription is 
shown to take place in distinct sites, the number of which depends on the number of viral 
particles that establish an infection. This suggests these sites may be maintained 
throughout the entire infectious cycle, likely by liquid-liquid phase separation of the outer 
layer. We further provide evidence that translation takes place at the periphery of the viral 
factory likely also in the outer layer. We observe different localizations of both mRNA and 
the outer layer at late stages of infection (6+ h.p.i.) that correlate with changes in the 
observed diffusion behaviour of OLS1. Using FRAP we identified 10 h.p.i. as a timepoint 
of significant biophysical and structural changes of the viral factory.  

The data presented in this thesis shows architectural changes of the viral factory beyond 
the fusion of early factories. We provide evidence for different “stages” of the mature viral 
factory. After fusion the outer layer of the viral factory remains around the factory until it 
migrates inward at 10 h.p.i. where it proceeds to condense into distinct sites in which 
transcription takes place. This splits the outer layer into two spatially separate sub-
compartments. Furthermore, this change affects the architecture of the viral factory 
which is relevant to consider when studying the infection. 

We hypothesize that the changes in localization and fluorescence recovery rate described 
in this thesis may be modulated via post translational modifications. Both the OLS1 and 
ILS1 have intrinsically disordered regions that can be modified which would allow the 
virus to control the shifts we observed easily and efficiently.  
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Figure 9: Schematic drawing showing the progression of the viral factory and the proposed “switch in purpose”. 
We propose that after 10 h.p.i. the purpose of the viral factory changes from DNA replication to viral particle formation. 
This is depicted as changes in the spatial distribution of the outer layer and viral DNA in the viral factory. Viral DNA is 
represented in blue, the outer layer in green, and viral particles are shown in purple. 

According to our observations 10 h.p.i. appears to be a key timepoint signifying a switch 
for the changes in localization as well as biophysical behaviour of the viral factory. This 
timepoint is typically when we start observing viral particles budding from the viral factory 
indicating an important timepoint during the infection. We hypothesize that there is a 
“switch in purpose” of the viral factory at that time of the infection moving from 
predominantly DNA replication to viral particle production. Whether this switch is what 
causes the changes in condensate behaviour and spatial distribution or vice versa 
remains to be investigated. 

The results presented in this thesis provide a first glance inside the viral factory. We show 
where transcription and translation occur and provide a likely mechanistic explanation of 
their spatial separation. This spatial separation of the two processes bears a striking 
resemblance to the compartmentalization in eukaryotes showing a similarity on a 
functional level of the nucleus and the viral factory. Both the nucleus and the mature viral 
factory utilize liquid-liquid phase separation to efficiently orchestrate transcription within 
a very densely packed environment. The mRNA is then transported outside of the 
structure where it is translated by membrane associated ribosomes. This is evidence for 
both functional and architectural similarities between the nucleus and the late-stage viral 
factory of Mimivirus. Studies investigating transcription localization at early timepoints 
however show transcription taking place in distinct sites adjacent to early viral factories 
but not inside. As we have shown that both transcription and translation likely take place 
within the outer layer this result is consistent with the outer layer only localizing around 
the viral factory at corresponding timepoints. That however potentially constitutes a 
fundamentally different spatial organization of these two processes likely resembling a 
more prokaryote-like distribution. 
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We therefore hypothesize that throughout the infection the mode of transcription and 
translation changes from prokaryote-like to eukaryote-like. We propose that during early 
stages of infection the transcription sites are within the outer layer of the viral factory and 
therefore in the same general space of translation occurring suggesting a lower level of 
compartmentalization and spatial segregation. As the infection progresses and we 
observe the previously described “switch” in the viral factory the mode of spatial 
organization of transcription and translation changes to a more eukaryote-like spatial 
separation.  

  

Figure 10: Schematic drawing of the proposed switch from a prokaryote-like to a eukaryote-like transcription 
and translation spatial organization. 
Throughout the infection, mRNA localization (depicted in pink) changes from distinct sites adjacent to early viral 
factories (Mutsafi et al. 2010) to the periphery of the fused viral factory, to later condense inside the mature viral 
factory. Translation likely takes place in the outer layer through the entire infectious cycle. This implies that, in early 
stages of infection, transcription and translation occur in the same environment. However, later they become spatially 
separated, constituting a change from a prokaryote-like to a eukaryote-like system.  
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4 Methods 

4.1 Fluorescence recovery after photo-bleaching (FRAP) 

4.1.1 Sample preparation 

A. terricola Neff (ATCC 30010) expressing GFP-OLS1 were seeded in PYG with 30 mg/mL 
Geneticin with 100 µg/mL Ampicillin and 25 µg/mL Kanamycin in 12 well-plates 
(Thermofisher Scientific #140675) containing pre-prepared round Poly-L-Lys coated 
coverslips at approximately 10^5 cells/mL using 2 mL per well. The cells were left at 32°C 
overnight and then infected with Mimivirus using a high MOI (10+) to ensure all cells are 
infected.  

4.1.2 Imaging 

For imaging an Olympus IX81 inverted Confocal Laser Scanning Microscope was used 
with the 100x lens and the µManager Software. Laser intensity and Voltage were adjusted 
according to the sample before starting the experiment.  

The coverslips were removed from the well, placed on a slide and mounted with nail 
polish. Laser intensity and Voltage were adjusted according to the sample before starting 
the experiment. To bleach 100% of the previously set laser intensity was used for 1.5 
seconds. A defined area of 10 x 5 mm was used to select the region of interest. Regions 
were selected to obtain equal amounts of information on inner and outer regions of the 
viral factory although it is worth noting that the viral factory moved significantly during the 
process which led to difficulty controlling the placement of the region of interest. This was 
corrected for during analysis. After bleaching the cells were imaged at maximum speed 
(2,86 sec/scan) 30 times to make sure fluorescence recovery was captured. 

4.1.3 Analysis 

The obtained data was analyzed using Fiji. Cellular movement was corrected using a 
macro. To correct for overall bleaching of the cell the bleached area was cleared, and 
fluorescence intensity of the condensate was measured. Measurements of the bleached 
area were split into areas of the condensate e.g. outer ring and center to obtain separate 
data. This separation was achieved using the wand tool to segregate areas of similar 
fluorescence intensity neighbouring a starting point. All measurements were normalized 
against the first value and against the measurement of the whole condensate to correct 
for bleaching during scanning and sample specific intensity differences. 

As mentioned above movements of the viral factory posed a problem in data extraction 
and scans were individually analyzed and compared with regards to viability of the data 
and fit of necessary corrections. 
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4.1.4 Remaining problems in data analysis and interpretation 

Interpreting FRAP data and comparing it quantitatively comes with a unique set of 
difficulties. Some of the difficulties stem from live imaging as the factories move and twist 
and turn during scanning making data extraction difficult especially for small regions like 
the border. This can distort the data very easily. 

 

Figure 11: Schematic of 2 main problems interpreting FRAP data 
(A) shows a schematic drawing of what the central part of the mature viral factory looks like after bleaching. The green 
represents GFP tagged OLS1 and the rectangle represents the region selected for bleaching. Each arrow shows a 
possible direction from which molecules can diffuse into the region of interest to contribute to fluorescence recovery. 
(B) shows a two-dimensional view of the viral factory post bleach focussing on the layer surrounding the factory. The 
layer is “unwrapped” to visualize how the bleaching affected the structure. Again, the arrows indicate possible 
directions molecules can diffuse in. 

Another consideration that is important is to take into account the “pool of available 
proteins”. We are bleaching a certain region of the condensate in a layer of interest; the 
laser however penetrates much further into the sample along the z axis than just the layer 
we selected as depicted in Fig. 11A. That means all proteins in the white column are 
bleached and therefore eliminated from the pool of proteins that can contribute to 
fluorescence recovery.  
To understand how and if that influences our sample, we performed a z stack on a fixed 
sample that was bleached like it would be for FRAP. This experiment showed that the laser 
does not penetrate the entire factory. As this was performed on late stages of infection 
the factory was at its largest stage suggesting that at early stages of infection the laser 
would penetrate the entire condensate. These considerations are important to 
understand how many degrees of freedom the molecules have to diffuse back into our 
region of interest. 

This implicates how we compare not only the timepoints but mainly the center and the 
border of the condensate. The center while it varies in size can be considered spherical. 
At late stages of infection, it must be treated as 3 dimensional adding a degree of freedom 
to diffusion that is not present in the border. The border on the other hand can be 
considered two-dimensional at all times and can be compared to a membrane. 
Unwrapping the layer to visualize this would leave us with a thin layer of proteins with a 
bleached hole in the middle. One thing we cannot take into account as we do not have 
enough knowledge as of now is whether proteins from the center can diffuse into the layer 
and vice versa. The data collected so far suggests that spots within the factory as 



30 
 

observed at 12 h.p.i. can recover after being fully bleached but whether the proteins come 
from other spots or from the outer layer we cannot say. 

It is further relevant to note that while FRAP data is useful to observe changes in behaviour 
of biomolecular condensates this method alone does not allow us to draw conclusions 
on the mechanism causing the change. A slower recovery rate observed by FRAP could 
therefore indicate either a hardening of the condensate or interactions of the observed 
protein with larger molecules. This makes FRAP data difficult to interpret without 
complementing methods.  
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4.2 Fluorescent stainings 
The following methods are part of already published work from the defendant 
[https://doi.org/10.1128/jvi.00554-25] 

4.2.1 Sample preparation 

A. terricola Neff (ATCC 30010) cells were seeded in a 24-well plate (Thermo Fischer 
Scientific #142475) in Peptone-Yeast Extract-Glucose medium (PYG: ATCC Medium 712) 
at a concentration of 105 cells/mL, and 1 mL per well. Subsequently, the cells were left to 
attach at 25°C for 30 min. Acanthamoeba polyphaga mimivirus was added at an MOI of 1, 
and the plates were centrifuged at 1,000 × g at room temperature (RT) for 30 min to 
synchronize the infection. To minimize the possibility of re-infections, the medium was 
exchanged after centrifugation. For all experiments, the cells were incubated in an 
incubator at 25°C. 

After the desired hours post-infection (h.p.i), the cells were detached by scraping, and the 
cell suspension of each well (~1 mL) was collected in a 1.5 mL Eppendorf tube. The tubes 
were centrifuged at 5,000 × g at RT for 5 min, 800 µL of the supernatant was removed, and 
the pellet was resuspended in the remaining 200 µL through vortexing. Then, 50 µL of each 
cell suspension was added to a well of a microscope slide (Marienfeld #1216690), and 
the cells were left to attach for 1 h at RT. The supernatant was removed from each well, 
and the samples were fixed with 20 µL 4% formaldehyde for 10 min at RT. Subsequently, 
the formaldehyde was removed, and the slides were washed with 40 µL of RNAse-free 
water. The cells were permeabilized with 40 µL of 70% ethanol for 1 h at 4°C. After 
permeabilization, 70% ethanol was removed from each well and left to evaporate further. 
To test whether the probes bind to RNA and not to DNA, an RNase treatment was 
performed by adding a final concentration of 10 µg/mL RNase A (Thermo Scientific 
#EN0531) for 30 min at 37°C to the slides after permeabilization. 

The number of cells that attach to the microscope slide is higher at the early time points 
(4 and 6 h.p.i.) compared to the late time points (14 and 20 h.p.i.), as the cells tend to 
round up at these later time points. Therefore, to harvest a sufficient number of infected 
cells, we initiate our experiments with a high number of cells and treat them with great 
care to ensure minimal cell loss before fixation. 

4.2.2 Fluorescent noncanonical amino acid tagging 

For performing FUNCAT, the amino acid homopropargylglycine (HPG) was added to the 
amoeba culture at least 30 min before sampling at a concentration of 50 µM. To dehydrate 
and permeabilize the samples they were incubated in 40 µl 70% Ethanol for at least 30 
min at 4°C. The Ethanol was removed by evaporation and washing with 40 µl ice-cold PBS. 
In the meantime, the dye mix (1.25 µL of 20 mM CuSO4, 1.25 µL of 100 mM THPTA, and 0.3 
µL 5 mM Cy3-azide) was prepared and incubated in the dark at RT for 3 min. Then, the dye 
mix was gently mixed with a freshly prepared mix of 221 µL Page’s Amoeba Saline buffer 
(PAS: ATCC medium 1323), 12.5 µL of 100 mM sodium ascorbate, and 12.5 µL of 100 mM 

https://doi.org/10.1128/jvi.00554-25


32 
 

aminoguanidine hydrochloride. Each sample was covered in 10 µl of the final mix and 
incubated 30 min in the dark. After the incubation they were washed using 40 µl 1X PBS. 

4.2.3 Single-molecule messenger RNA fluorescence in situ hybridization 

After permeabilization, and optionally the FUNCAT click reaction, the slide was air-dried 
and 10 µL of smFISH Hybridization Buffer (102; 20% deionized formamide, 1 mg/mL E. 
coli tRNA, 2× SSC, 0.2 mg/mL BSA, 2 mM ribonucleoside-vanadyl complex, 100 mg/mL 
dextran sulphate, and nuclease-free water) containing 437.5 nM of probe working 
solution was added to each well of the slide. For hybridization, the slide was incubated in 
a moist chamber in the dark at 37°C overnight (~20 h). The smFISH Hybridization Buffer 
was removed, and the slide was transferred into a 50 mL tube containing Wash Buffer (2× 
SSC, nuclease-free water) and incubated in a water bath at 39°C for 10 min. After 
washing, the slides were dipped into ice-cold Milli-Q water and air-dried. The different 
conditions tested for setting up the smFISH protocol and obtaining an optimal signal are 
displayed in Table 2. 
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Step in protocol Concentrations and/or conditions tested 

smFISH rRNA FISH Stellaris RNA FISH 

Sample preparation   

 Fixation 4% formaldehyde: 1 h, 30 min, 10 min at RT 

 Permeabilization 70% ethanol: 1 h and 30 min at 4°C; proteinase K: 1-10 min at RT 

Hybridization   

 Ingredients  
(final concentration) 

1.25, 2.5, 3.75, 4.375, and 5 ng/µL probe mix 

  0%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, and 50% formamide 

  1 mg/mL E. coli tRNA 900 mM NaCl Stellaris hybridization buffer 

  2× SSC 20 mM Tris/HCl   

  0.2 mg/mL BSA 0.01% SDS   

  
2 mM ribonucleoside-
vanadyl complex 

    

  
100 mg/mL dextran 
sulfate 

    

  Nuclease-free water   

 Temperature 32°C, 37°C, 42°C 

 Time 5 h, 17 h, 20 h 

Post-hybridization   

 Initial wash 
20% formamide, 2× SSC, 15 min at 37°C and 
39°C 

Wash Buffer A 

 Final wash Ice-cold Milli-Q water Wash Buffer B 

Table 1: Conditions tested for performing smFISH protocol 
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Different percentages of formamide, ranging from 0% to 50%, were tested in the 
hybridization buffer. These formamide series show that although 10% formamide already 
gives a crisp signal (Fig. S2), the optimal formamide concentration for this probe mix and 
target sequence is 20%, as this concentration leads to less variability in fluorescent 
signals between experiments. As a negative control, the cells were treated with RNase A 
before fixation. No signal was observed when performing the same protocol on RNase-
treated cells (Fig. 13). 

 

Figure 12: smFISH performed on cells treated with RNAse compared to untreated cells. 
To confirm that the probes bind to RNA and not DNA, the cells were treated with RNAse A (A, B, C) and compared to the 
untreated condition (D, E, F). DAPI staining (light blue), Mimivirus mcp mRNA signal (magenta), and the overlay of 
infected amoeba cells. 
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4.2.3.1 Probe design 

Custom Stellaris FISH Probes were designed against the Acanthamoeba polyphaga 
mimivirus (GenBank: HQ336222.2) major capsid protein (mcp) gene by utilizing the 
Stellaris RNA FISH Probe Designer (Biosearch Technologies, Inc., Petaluma, CA) available 
online at https://www.biosearchtech.com/support/tools/design-software/stellaris-
probe-designer (Version 4.2; masking level = 2, oligo length = 20, minimum spacing = 2). 
To avoid potential off-target binding, we performed blastn103 searches of the 68 possible 
probe sequences against the Acanthamoeba terricola Neff host genome 
(RefSeq: GCF_000313135.1) and other giant virus genomes (Tupanvirus deep 
ocean: MF405918.1, Tupanvirus soda lake: KY523104.1, Marseillevirus sp. strain 
Vienna: PP736097.1, Acanthamoeba castellanii medusavirus J1: AP018495.1). Out of the 
68 sequences, we selected 35 probes for smFISH (Table S1). The probe sequences were 
hybridized with the Quasar 670. Stellaris RNA FISH Probe set labeled with (Biosearch 
Technologies, Inc.), following the manufacturer’s instructions online 
at https://www.biosearchtech.com/support/resources/stellaris-rna-fish/stellaris-
protocols. 

4.2.4 Ribosomal RNA fluorescence in situ hybridization 

For rRNA FISH, 10 µL of rRNA FISH Hybridization Buffer (900 mM NaCl, 20 mM Tris-HCl 
pH 8.0, 0.01% SDS, and 25% formamide) containing 5 µM of Euk516 probe (5′-
GGAGGGCAAGTCTGGT-3′; labelled with the fluorophore Fluos) working solution was 
added to each well of the microscopy slide. Hybridization was performed in a moist 
chamber in the dark at 46°C for 1.5 h. Subsequently, slides were washed with a wash 
buffer (201 mM Tris-HCl pH 8.0, 50.25 mM EDTA, and 0.149 M NaCl) and kept in the wash 
buffer in a 50 mL tube at 48°C for 10 min. Then, the slides were dipped in ice-cold Milli-Q 
water and air-dried. 

4.2.5 DiD staining 

DiD (1,1′-dioctadecyl-3,3,3′,3′- tetramethylindodicarbocyanine, 4-
chlorobenzenesulfonate salt; Thermo Fischer Scientific #D7757) staining was performed 
after permeabilization. The staining solution (1 µM DiD in 96-100% Ethanol) was 
sonicated for 30 min. After this homogenization step, 3 µL of staining solution was added 
to each well of the microscope slide and incubated at 37°C for 20 min. After incubation, 
the wells were washed with 40 µL of PAS at RT for 5 min. 

4.2.6 Imaging 

After the smFISH, FUNCAT, rRNA FISH, and/or DiD staining, 4,6-diamidin-2-phenylindole 
(DAPI) (1 µg/mL) was added to the wells on the slides, incubated for 3 min, washed off 
with nuclease-free water, and air-dried. The slides were embedded in CitiFluor AF1 
Mounting Medium (Electron Microscopy Sciences #17970-25) and imaged using a 
confocal laser-scanning microscope (Leica SP8). 

https://www.ncbi.nlm.nih.gov/nuccore/HQ336222.2/
https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-designer
https://www.biosearchtech.com/support/tools/design-software/stellaris-probe-designer
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_000313135.1/
https://www.ncbi.nlm.nih.gov/nuccore/MF405918.1/
https://www.ncbi.nlm.nih.gov/nuccore/KY523104.1/
https://www.ncbi.nlm.nih.gov/nuccore/PP736097.1/
https://www.ncbi.nlm.nih.gov/nuccore/AP018495.1/
https://journals.asm.org/doi/10.1128/jvi.00554-25#SuF2
https://www.biosearchtech.com/support/resources/stellaris-rna-fish/stellaris-protocols
https://www.biosearchtech.com/support/resources/stellaris-rna-fish/stellaris-protocols


36 
 

4.3 MOI experiments  
The following methods are part of already published work from the defendant 
[https://doi.org/10.1128/jvi.00554-25] 

A. terricola Neff cells were infected with A. polyphaga mimivirus (as described above) 
using an MOI of 0.5, 2, 5, and 10. Each well from a 24-well plate was sampled at 4 and 14 
h.p.i., and for each MOI and time point, at least five different replicates (wells) were used, 
and the experiment was repeated 3 times, giving a minimum of 15 data points per MOI 
and time point. 

For each MOI, the samples were subjected to smFISH, DAPI staining, and confocal laser-
scanning microscopy. To count the number of eVFs at 4 h.p.i, at least 50 infected cells 
were used per MOI. To count the number of distinct mcp mRNA spots at 14 h.p.i, at least 
45 infected cells were used per MOI. 

4.3.1 Digital polymerase chain reaction (dPCR) 

For DNA extraction, the content of each well was collected in a 1.5 mL Eppendorf tube 
and centrifuged for 30 min at 13,000 × g at 10°C. The supernatant was replaced with 200 
µL PAS, and the pellet was resuspended through vortexing. DNA was extracted using the 
DNeasy Blood & Tissue Kit (Qiagen #69506), adding 20 µL proteinase K and 200 µL Buffer 
AL and incubating at 56°C for 30 min at 400 rpm at the first steps. The DNA copy number 
of Mimivirus was quantified by performing digital PCR (dPCR) on the extracted DNA using 
the QIAcuity system and QIAcuity EG PCR Kit (Qiagen #250113). Primers targeting 
the mcp gene of Mimivirus (MCP_APolyphagaMimivirus_F:5′-
TCGTTTTTACGAAACATGATGG-3′; MCP_ApolyphagaMimivirus_R: 5′-
CGATGGTGATTTGGAACACA-3′) were used as a proxy for measuring viral copy number. 

4.4 Statistics and data visualizations 
The data was visualized and processed using Python 3.11.0 with the libraries matplotlib, 
pandas, numpy and scipy. Figures were made using Inkscape v.1.3.2.  

https://doi.org/10.1128/jvi.00554-25
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5 Supplementary information 
P  b  s qu     (5'→3') Position on gene GC 

aattggagtaaaccacctgc 4 45,00% 

acatcttgagcaccataagc 28 45,00% 

tgatcattggattaccggtt 54 40,00% 

gtcgcctataaactacctta 81 40,00% 

ctcaatggattctacggcga 110 50,00% 

ccaagattacccccgaaaaa 133 45,00% 

tctgcactagatttctttcc 157 40,00% 

tcaacgtgaccgaaattagt 256 40,00% 

gaagtaagttcaggtacgtc 436 45,00% 

cagagtatatgaaggcttca 497 40,00% 

gaccgttgttacgattgaaa 537 40,00% 

acattgatcagcttgtctga 611 40,00% 

ccagatttgaaggcatcact 640 45,00% 

tctacgttcttcagtgtcaa 713 40,00% 

cagattcttcaccagtgaat 777 40,00% 

tacccaatttagttacccaa 858 35,00% 

ttttcccaacaaaccggatc 907 45,00% 

ggaaataaccccaatcgtca 975 45,00% 

cattcataacctccaggttc 997 45,00% 

acttctaccatcattacctt 1019 35,00% 

aactgggttcttcagaagga 1086 45,00% 

ccttgtttctcttgagaaga 1182 40,00% 

cgactttatccttgagatcg 1206 45,00% 

gtgtgaattcggatgattcc 1228 45,00% 

gtaattttctctacttcagg 1276 35,00% 

gatcgtgaagagtgagatca 1302 45,00% 

gattaccagaaccgtcaata 1419 40,00% 

tgaagttcagcttcatgagt 1441 40,00% 

actgtgggattaacagtgtc 1507 45,00% 

tctgggtgatttagtatgat 1529 35,00% 

tgttcttcagggttaagagc 1573 45,00% 

taagttgcgcggtatcgata 1623 45,00% 

gtggttagtgaaatgttgga 1652 40,00% 

ccgctaagcattctgagaac 1735 50,00% 

attactgtacgctaatccgg 1760 45,00% 

 
Table S1. Selected probe sequences that target the mcp gene of Mimivirus.  

  



38 
 

Groups compared P value W Location difference 95% CI 

eVF MOI 0.5 eVF MOI 2 3,786E-07 545 -0,17613 -0,30101 -0,17606 

eVF MOI 0.5 eVF MOI 5 5,248E-14 181 -0,36798 -0,42592 -0,30097 

eVF MOI 0.5 eVF MOI 10 < 2.2e-16 23 -0,54411 -0,60211 -0,47707 

eVF MOI 2 eVF MOI 5 6,919E-05 680 -0,14610 -0,22191 -0,07919 

eVF MOI 2 eVF MOI 10 1,112E-13 179,5 -0,30107 -0,39790 -0,25522 

eVF MOI 5 eVF MOI 10 8,795E-08 479,5 -0,17605 -0,22190 -0,12490 

            

mRNA MOI 0.5 mRNA MOI 2 2,124E-01 895,0 -0,00003 -0,17609 0,00008 

mRNA MOI 0.5 mRNA MOI 5 2,625E-10 211,5 -0,30106 -0,47712 -0,22188 

mRNA MOI 0.5 mRNA MOI 10 1,615E-14 57,0 -0,54409 -0,69895 -0,47705 

mRNA MOI 2 mRNA MOI 5 2,431E-09 336,5 -0,30102 -0,30108 -0,17612 

mRNA MOI 2 mRNA MOI 10 1,099E-14 111,0 -0,47712 -0,57983 -0,39796 

mRNA MOI 5 mRNA MOI 10 1,151E-07 382,5 -0,24303 -0,30110 -0,14617 

            

eVF MOI 0.5 mRNA MOI 0.5 7,950E-01 1104,0 0,00001 -0,00006 0,12494 

eVF MOI 2 mRNA MOI 2 1,503E-04 1786,5 0,17605 0,09690 0,22191 

eVF MOI 5 mRNA MOI 5 1,803E-01 1302,5 0,05795 -0,00005 0,09695 

eVF MOI 10 mRNA MOI 10 6,287E-01 1108,0 -0,00005 -0,07914 0,05797 
Table S2. Wilcoxon rank sum tests for the counts of the early viral factories (eVFs) and mRNA spots.  

Groups compared P value W 
Location 
difference 95% CI 

T4 MOI 0.5 T4 MOI 2 5,138E-06 23 -0,75024 -0,94278 -0,53776 

T4 MOI 0.5 T4 MOI 5 3,630E-09 2 -1,06904 -1,27137 -0,76079 

T4 MOI 0.5 T4 MOI 10 1,714E-09 0 -1,02749 -1,26296 -0,77792 

T4 MOI 2 T4 MOI 5 9,631E-03 81 -0,30844 -0,52607 -0,12829 

T4 MOI 2 T4 MOI 10 1,391E-02 79 -0,28497 -0,56440 -0,08203 

T4 MOI 5 T4 MOI 10 9,870E-01 154 0,00178 -0,25051 0,26823 

       

T14 MOI 0.5 T14 MOI 2 1,337E-04 43 -0,20669 -0,31916 -0,10264 

T14 MOI 0.5 T14 MOI 5 3,824E-03 67 -0,21241 -0,30612 -0,09137 

T14 MOI 0.5 T14 MOI 10 2,664E-05 34 -0,23291 -0,36819 -0,14712 

T14 MOI 2 T14 MOI 5 9,626E-01 164 0,00313 -0,10086 0,11189 

T14 MOI 2 T14 MOI 10 2,788E-01 127 -0,03906 -0,13259 0,06040 

T14 MOI 5 T14 MOI 10 6,058E-01 145 -0,05116 -0,16913 0,05855 

       

T4 MOI 0.5 T14 MOI 0.5 1,714E-09 0 -2,56336 -2,72101 -2,42597 

T4 MOI 2 T14 MOI 2 2,204E-10 0 -1,98538 -2,32773 -1,86356 

T4 MOI 5 T14 MOI 5 2,204E-10 0 -1,67702 -2,04092 -1,50514 

T4 MOI 10 T14 MOI 10 4,408E-10 0 -1,77460 -2,06061 -1,58086 
Table S3. Wilcoxon rank sum tests for the digital PCR data  
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Figure S1: The full version of Fig. 8A.  
DAPI staining (light blue) and Mimivirus mcp mRNA signal (magenta) of amoeba cells infected with different MOIs at 4 
and 14 h.p.i. The Mimivirus mcp mRNA signal cannot be observed at 4 h.p.i as expression levels are undetectable at this 
time point. This image is part of the supplementary material of already published work from the defendant 
[https://doi.org/10.1128/jvi.00554-25].  

https://doi.org/10.1128/jvi.00554-25
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Figure S2: smFISH using different Formamide concentrations.  
Different formamide (FA) concentrations (0-50%) in the hybridization buffer were used to determine the optimal 
concentration for the probe mix and target sequence. The first column is the signal of DAPI staining (light blue), the 
middle column is the Mimivirus mcp mRNA signal (magenta), and the third column is the overlay. 
This image is part of the supplementary material of already published work from the defendant 
[https://doi.org/10.1128/jvi.00554-25]. 

https://doi.org/10.1128/jvi.00554-25ht
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Figure S3: Distinguishing cells  infected with different giant viruses using smFISH. 
Our smFISH protocol can be used to visualize mRNA in different giant viruses and allows us to 
distinguish between cells infected by different viruses in the same population of cells 
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