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Introduction 

All the RNA transcribed in the genome of an 

organism is called the transcriptome1. This includes 

protein-coding and non-coding RNAs (ncRNAs). 

Understanding them is important for a precise 

understanding of genetic regulations2. The main goal of 

transcriptomics is to study these RNA molecules at 

different stages of individual development.  

The transcriptome studies were initially carried out 

with Northern blot and Real-time PCR, but these can 

provide information on a small part of the transcriptome3,4. 

The beginning of breakthroughs was the appearance of 

Sanger sequencers, as their use during the Human Genome 

Project awakened a huge demand for innovation in the 

development of high-throughput sequencing platforms5,6. 

This has led to the emergence of next-generation 

sequencing platforms, which have a major advantage over 

Sanger sequencers in that they do not require 

electrophoretic separation and bacterial cloning7. The very 

first representative of these sequencers was Roche's 454, 

whose biggest advantage was the long ~1 kb reads7,8. 
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Parallel to it, the Ion PGM platform was also published, 

which does not require optical detection, as it detects pH 

changes that occur during the incorporation of 

nucleotides9. Subsequently, the Illumina platform 

appeared in 2007, which is currently the most widespread 

short read sequencer10,11. Its use led to a significant 

increase in our knowledge about the sequences of 

individual organisms. Current genome projects run on 

Illumina platforms, benefiting from their high throughput 

12. Its operation is based on the detection of the 

fluorescence of labeled nucleotides incorporated during 

synthesis8. However, due to the short sequence readings, 

this platform is not suitable for the detection of full-length 

RNA molecules13. Therefore, third-generation sequencers 

have recently appeared in transcriptome analysis, which 

are able to detect full-length RNA molecules end-to-end. 

This platform currently has two representatives, one is the 

minION devices developed by Oxford Nanopore, and the 

other is PacBio's RSII and Sequel devices. The two 

technologies are based on different sequencing principles. 

During PacBIO sequencing, the molecule to be sequenced 

is ligated to a hairpin-shaped adapter, which, loaded onto 
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an SMRTcell, will be copied by a surface-fixed 

polymerase with fluorescently labeled nucleotides, the 

fluorescence of which will be detected by an optical 

sensor14. In contrast, with ONT-minION, sequencing will 

take place on a nanopore, which will be formed by alpha-

hemolysins embedded in a lipid bilayer15,16. In the case of 

this library preparation, a motor protein is ligated to the 

molecule to be sequenced, which helps the RNA molecule 

enter the pore7,17. The RNA molecule entering the 

nanopore will create a voltage shift characteristic of a 

specific sequence. Furthermore, using ONT-minION 

allows for direct RNA sequencing as well18. Its significant 

advantage is that during library preparation, there is no 

need for reverse transcription or PCR amplification. 

Consequently, only the native RNA molecule is 

sequenced. This effectively eliminates errors in 

transcriptome analysis, such as template switching and 

false priming during library preparation, which can lead to 

the detection of false intron and transcription end sites19. 

With the emergence of these two platforms, our image of 

the transcriptome has become much more complex over 

the past years. One interesting application is the analysis 
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of viral transcriptomes, where the use of these platforms 

has greatly increased the discovery of new transcript 

isoforms, non-coding RNAs, and intron variants, shedding 

light on new aspects of viral transcriptome regulation20. 

African Swine Fever (ASFV) is a 

nucleocytoplasmic virus (NCLDV) belonging to the 

family Asfarviridae21. It infects pigs and wild boars, 

causing an acute, fatal hemorrhagic disease. Its replication 

will take place in the monocyte/macrophage cells of the 

host22. It has an icosahedral morphology, its diameter is 

~200 nm23,24 The genome is linear double-stranded 

DNA,with a size ranging from 170 to 190 kb. All the 

proteins necessary for replication and mRNA synthesis 

will be present in the virion, so its replication will occur in 

the cytoplasm25,26. The structure of its genome is 

characterized by the fact that it contains a conserved and a 

variable region in the middle and an inverted terminal 

repeat at the two edges, where the replication of the virus 

will take place, similar to Poxviruses25,27. The viral 

mRNAs have a 5' cap and a 3' poly(A) tail28,29. The 

synthesis of its RNAs is characterized by the temporal 
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gene expression typical of Poxviruses30,31. The synthesis 

of its RNAs can be classified into four kinetic classes: 

immediate-early (IE), early (E), intermediate (I) and late 

(L)32,33. The immediate early and early genes will be 

responsible for coding proteins involved in replication, 

while the intermediate and late genes will code for the 

structural proteins of the virus. The mRNAs of the virus 

were previously examined by Cackett et al. with CAGE 

and poly(A) short read sequencing34.  

The Pseudorabies virus (PRV) is a swine 

herpesvirus belonging to the family Alphaherpesviridae35. 

It causes neurological diseases in pigs36,37. Its genome is a 

linear double-stranded DNA, approximately ~143 kb in 

length38–40. Structurally, the virus DNA consists of two 

parts, the UL (long unique) and US (short unique) regions 

41. The US region is bounded by an inverted and a terminal 

repeat, whose recombination can result in two different 

isomers of the genome. Additionally, the IE180 and US1 

genes are found in duplicate in this region42. The UL 

region contains a replication origin (OriL), while the US 

region contains two replication origins (OriS)43,44. Most of 



7 

 

the PRV genes will be expressed in a polycistronic form 

45–47. For transcription, the host transcriptional apparatus 

will be utilized, but the virus will express some 

transcription factors, such as IE180, US1, and EP0, for 

example42. Its genes can be classified into three kinetic 

classes: immediate-early, early, and late48. During 

infection, the immediate-early genes are expressed first, 

which include transcriptional activators such as IE18042. 

Subsequently, the early genes are expressed, playing a role 

in replication. Replication occurs via a rolling circle 

mechanism49. The expression of early genes is followed 

by the late genes, which encode structural proteins.39,42. 

After infection, the virus will persist in the trigeminal 

ganglion of the host42,50. In this latency, the LAT (Latency-

associated transcripts) gene is the only one that is 

transcriptionally active. Its expression is inhibited when 

the IE180 protein binds. To allow the virus to persist in the 

host cell, LAT expression supports the survival of neurons 

and has anti-apoptotic effects. 
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Aims 

In my thesis, I present the transcriptome analysis 

of African Swine Fever and Pseudorabies viruses. For 

these investigations, we utilized sequencing platforms that 

provide long reads, such as PacBIO and ONT-minION 

devices. We set the following goals for the analysis: 

We set the following goals for the analysis: 

1. Determination of the transcription start sites and 

transcription end points of viral mRNAs for both 

viruses with base pair accuracy. 

2. Connecting annotated transcription start sites and 

transcription end points to form full-length 

transcripts. 

3. Categorizing annotated transcripts structurally, 

such as identifying individual isoforms, non-

coding RNAs, antisense, or hypothetical 

transcripts. 

4. Identifying promoter elements and 

polyadenylation signals for the 5' and 3' ends of 

the RNAs. 
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Materials and methods 

The African Swine Fever virus was cultured on primary 

alveolar macrophage (PAMs) cells, while the 

Pseduorabies virus was cultured on porcine kidney-15 

(PK-15) cells. Infections were stopped at different time 

points, and RNA was isolated. Poly(A) selection was 

performed on the total RNA of both viruses, in the case of 

PRV, ribodepletion and cap selection were also performed 

on a part of the samples. From the poly(A)-selected 

samples, PCR-amplified cDNA, non-amplified dcDNA, 

and native dRNA sequencing libraries for ONT-minION 

were prepared. For PRV, PacBio RSII and Sequel 

sequencing libraries were also created. Subsequently, the 

viral transcriptome was sequenced on these LRS 

platforms. The data generated by the sequencers were 

base-called using the SMRTlink program package for 

PacBio and the Guppy software for ONT. Reads were 

mapped to the reference genome using the Minimap2 

program. Following this, a Python-based transcript 

annotating package called LoRTIA was used for 

quantifying and characterizing the transcripts in the 
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resulting files. The IGV and Genious software tools were 

employed for visualization of the reads and annotated 

transcripts. 

Results 

In the case of PRV, we identified 465 transcription 

start sites (TSS) and 57 transcription end sites (TES), from 

which we annotated a total of 619 transcripts. Among 

these, 166 long and 24 short 5' UTR isoforms, as well as 

22 3' UTR variants, were determined. Additionally, we 

identified 209 5' truncated transcripts, which are RNAs 

containing in-frame ORFs within genes. One significant 

discovery from the long-read sequencing was the 

identification of replication-associated transcripts. For 

OriL, we detected new length and alternative termination 

isoforms of CTO transcripts, as well as a new spliced 

isoform of PTO-US1 around the OriS region. 

Furthermore, we identified long non-coding transcript 

(>200bp) isoforms localized in the US region. Examples 

include new length and splice isoforms of the NOIR 

transcript, terminating co-terminally with AST and LLT 

transcripts, as well as antisense Azure transcripts to the 
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US3 gene. We also refined the previously annotated TSS 

of the US4 antisense transcript. Moreover, we identified a 

new length variant of the fORF15 transcript, originating 

from the UL15 intron region and lacking an in-frame 

ATG. Multicistronic transcripts that overlap multiple 

genes were also identified, with 87 being polycistronic and 

24 being complex transcripts.   

For ASFV, 202 TSS and 220 TES were identified, from 

which a total of 311 transcripts were annotated. This 

included 14 long and 2 short 5' UTR isoforms, along with 

57 3' UTR isoforms. Sixteen 5' truncated transcripts were 

identified. Additionally, we found seven hypothetical 

genes containing small ORFs in the intergenic region of 

the virus. Multiple non-coding RNAs were identified, 

including 3' truncated RNAs, antisense transcripts, and 

replication-associated RNAs. Twenty-two 3' truncated 

RNAs were identified, containing the canonical ATGs of 

ORFs but lacking a STOP codon, indicating no functional 

ORFs. Seven antisense RNAs were also identified. 

Furthermore, in the inverted repeats at the genome ends 

where replication initiates, seven low-abundance 
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replication-associated RNAs were found. Until recently, it 

was assumed that ASFV expresses only monocistronic 

RNAs. However, long-read sequencing revealed the 

expression of multicistronic RNAs. Fifty-one 

polycistronic RNAs and twenty-two complex RNAs were 

annotated. 

 

Discussion 

In my thesis, I discuss the examination of the 

transcriptome of ASFV and PRV using sequencing 

platforms that provide long reads. Using these these 

approaches, we have identified numerous new transcript 

categories that were previously unknown.  

As a result of our investigations, we have identified 

numerous new transcription start sites and transcription 

end points. Additionally, we have discovered new 5' and 

3' UTR isoforms. The 5' UTRs may contain upstream open 

reading frames (ORFs) that can influence translation 

efficiency51. The 3' UTRs can contain sequences that can 

bind microRNAs, thereby influencing protein synthesis52.  
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The Long-Read Sequencing (LRS) revealed a 

broad spectrum of 5' truncated hypothetical RNAs. These 

are RNAs that are transcribed from ORFs within a gene, 

meaning they share a canonical stop codon with the 

canonical gene but have their ATG downstream from the 

canonical ATG. Furthermore, in addition to identifying 5' 

truncated RNAs within genes, in the case of ASFV, we 

also found RNAs containing small open reading frames 

(ORFs) in intergenic regions. Among non-coding RNAs, 

we identified antisense transcripts that can be transcribed 

by independent promoters (LLT, AST, AZURE) or may 

arise from transcriptional overlap of convergent gene pairs 

or 5' UTR overlap in divergent gene pairs53. Numerous 

such antisense transcripts were identified in both PRV and 

ASFV. An example in PRV is Azure located in the US 

region, which is antisense to US3, and US4-AS, which is 

oriented opposite to the US4 gene. In the case of ASFV, 

we detected 7 such antisense molecules with opposing 

orientations. 

Another significant result of these platforms was 

that a new class of RNAs was identified with them, which 
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include transcripts transcribing replication origins and 

transcripts near replication origins54. They are called 

replication-associated RNAs (raRNAs). In the case of 

PRV, we annotated such molecules around all three 

replication origins. Our analysis revealed that the most 

abundantly expressed RNA is the CTO-S molecule located 

next to OriL in the PRV UL region. For CTO-S, we 

identified mRNA isoforms that overlap Ori, as well as 

alternative termination isoforms that overlap with the 

neighboring UL22 gene. The biological role of these 

RNAs is unclear, they probably have a role in the initiation 

of replication and in determining the direction of the 

replication fork, but they also have poly(A) sequences, 

which suggests that they can also function as mRNA 

molecules in the virus life cycle54. They may also have 

other functions, such as forming RNA-DNA hybrids55. We 

also identified such molecules around OriS in the US 

region of the virus. Among these, we identified the new 

splice variant of PTO-US1, which crosses the origin of 

replication and ends with US1 in a common co-terminal, 

and we also identified the splice and length isoforms of 

NOIR-1 transcripts, which are localized near OriS and 
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share common features with LLT/AST genes 3 ' their 

coterminal. A possible role of these overlaps may be that 

NOIR-1 somehow inhibits the expression of these latency 

genes. However, the proof of this hypothesis requires 

further studies. In the case of ASFV, we also identified 6 

such raRNAs molecules, which are written in the inverted 

repeats located at the ends of the genome, from where 

replication starts. Among them, we identified non-coding 

transcripts, as well as the mRNA isoform starting from the 

protein-coding gene, which end co-terminally with the 

non-coding transcripts in the terminal repeats. 

Multicistronic RNAs are molecules that overlap 

multiple genes, transcribing genes with the same polarity 

(polycistronic transcript) and genes with opposite polarity 

(complex transcript). In our analysis, we detected 

numerous such long RNA molecules in both PRV and 

ASFV viruses. 

Based on our results, identified 5' and 3' UTR 

overlaps, as well as multicistronic transcripts, create a 

broad network of transcriptional overlaps on the viral 

genome. These overlaps can be divergent, convergent, or 
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parallel based on orientation. We hypothesize that their 

possible role could be in transcriptional interference, 

regulating the expression of neighboring genes through the 

transcriptional overlaps occurring on the viral genome56. 
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