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INTRODUCTION 

Viruses are obligatory intracellular parasites harbouring enormous genetic and 
biological diversity. Viruses are the most abundant biological entities on Earth. 
Viruses have captured our interest due to their association with many diseases 
and their importance in our environment and to our economy. However, despite 
decades of research, the exact origin of viruses is still a mystery. 

Currently, three main scenarios exist how viruses might have emerged: the 
virus-first hypothesis, the reduction hypothesis, and the escape hypothesis. The 
last two scenarios have one important implication – most of the genes found in 
viruses should have their distant homologs in cellular genomes. However, the 
similarity between homologous sequences may have decreased to the point 
where the homology is not detectable with pairwise sequence comparison 
methods like BLAST, especially in the case of viruses due to their high mutation 
rate. Fortunately, profile hidden Markov models (profile-HMMs) combined 
with structural information of proteins may allow us to overcome the limitations 
of pairwise sequence comparison methods in distant homology detection. 

Still, not all genes found in viruses have homologs in cellular organisms. 
Some of the protein-coding sequences originate de novo, i.e., the genesis of 
these sequences take place in viruses. One of the mechanisms how de novo 
genes can emerge is overprinting – mutations lead to a new protein-coding gene 
overlapping the ancestral gene. Overlapping genes have been described in many 
viruses. In addition, protein-coding genes of viruses often contain various non-
coding embedded elements including internal promoters, viral packaging 
signals, subgenomic promoters, and splice sites. In order to fully understand the 
molecular biology and functioning of a virus, we need to be able to identify 
these embedded elements. 

In the current thesis, papillomaviruses (PVs) are used as an example to study 
the potential origin of a viral family. PVs infect many mammalian species, but 
also birds, turtles, snakes, and fish. PVs have been of interest due to their asso-
ciation with various cancers. Oncogenic human papillomaviruses (HPVs) are 
responsible for almost all cases of cervical and anal cancers. A typical PV 
genome encodes eight proteins on average. It has been estimated that PV 
protein-coding genes evolve 5–10 times faster compared to their mammalian 
host nuclear protein-coding sequences, confirming the need to use more 
sensitive approaches to detect distant homologs in other organisms. In this 
thesis, profile-HMMs from Pfam and SUPERFAMILY resources were used to 
detect distant homologs to PV protein domains in cellular organisms and other 
viruses.  

In addition, the existence of dual-coding regions and other embedded ele-
ments in papillomaviruses were studied. In this thesis, over 300 PV genomes 
were analysed in silico to detect an embedded E8 CDS inside the E1 protein-
coding gene. Also, a web tool called cRegions was developed to detect dual-
coding regions and other embedded elements in protein-coding genes of viruses.  
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1. REVIEW OF THE LITERATURE 

1.1. Virosphere 

Viruses are the most abundant entities on Earth. It is estimated that the total 
number of viral particles is about 1031 (Cobián Güemes et al., 2016) which is an 
order of magnitude higher than prokaryotic cells (Whitman, Coleman, & Wiebe, 
1998). Viruses are obliged to invade hosts and parasitize their subcellular 
machinery. Viruses are often referred to as pseudo-living entities that are 
borderline between inanimate and living matter. Nevertheless, they play a major 
role in the marine and terrestrial ecosystems. For instance, oceanic viruses are 
the major pathogens of planktonic organisms (a crucial source of food to many 
large aquatic organisms) and thus, a fundamental factor in nutrient and energy 
cycle (Suttle, 2005). 

For decades, scientists have been limited to studying viruses which are easy 
to work with (e.g. M13, T7, ΦX174 bacteriophage), have a major impact on 
human health (e.g. HPV, HIV) or cause diseases in animals or plants of eco-
nomic value (e.g. TMV). Fortunately, metagenomic studies have revealed us the 
stunning world of diverse viral genes and genomes (Breitbart et al., 2004; Chen, 
Suttle, & Short, 1996; Cobián Güemes et al., 2016; A. I. Culley, Lang, & Suttle, 
2003; Jameson, Mann, Joint, Sambles, & Mühling, 2011; Labonté & Suttle, 
2013; Li et al., 2015; Rohwer, 2003; S. M. Short & Suttle, 2002). Culture-inde-
pendent techniques like shotgun sequencing of marine and terrestrial environ-
ments have shown that we are just scraping the surface of viral life (Suttle, 
2005). A study focused on the analysis of marine sediment demonstrated that 
three-quarters of the resulting sequences were not related to anything previously 
reported (Breitbart et al., 2004). It should be noted that marine sediments are 
one of the largest biotopes in the world and 97% of viruses live in soil and 
sediments (Cobián Güemes et al., 2016; Whitman et al., 1998). Even today, the 
majority of sequences acquired in metagenomic studies of viruses do not have 
homologs in databases (Gregory et al., 2019).  

Bacteriophages have been extensively studied for decades and bacterio-
phages with DNA genomes are thought to represent the majority of marine 
viruses (Steward et al., 2013). However, this claim is rivaled by some studies, 
showing that the abundance of RNA viruses equals or even exceeds that of 
DNA viruses in samples of coastal seawater (Steward et al., 2013). RNA viruses 
in the marine environment are mainly composed of positive-sense single-
stranded RNA ((+)ssRNA) and double-stranded RNA (dsRNA) viruses with an 
apparent predominance of viruses that infect eukaryotes (A. Culley, 2018; 
Gregory et al., 2019). Still, the diversity and abundance of RNA viruses remain 
largely unknown (Gregory et al., 2019). Even simple flaws in commonly used 
methods affect our assessment of viral diversity by excluding some of the viral 
subgroups, like the case with non-tailed double-stranded DNA (dsDNA) viruses 
(Kauffman et al., 2018). Thus, we have little knowledge about viral diversity in 
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different environments and there is immense information still to be discovered 
about viruses.  

 Nevertheless, even the little we know, the diversity of viruses is staggering 
compared to cellular organisms. Viruses use different replication strategies and 
their genomes could be either DNA or RNA, single-stranded or double-
stranded, linear or circular. Also, their genome size varies tremendously, from a 
tiny 1759 nucleotide genome of Porcine circovirus (excluding viroids and satel-
lites) (Meehan, Creelan, McNulty, & Todd, 1997; Tischer, Gelderblom, Vetter-
mann, & Koch, 1982) to 2.47 Mb genome of Pandoravirus salinus (Philippe et 
al., 2013). Also, virion size differs hugely between viruses. A virion of a 
Porcine circovirus is about 17 nm in diameter (Tischer et al., 1982), an order of 
magnitude smaller than Pithovirus sibericum, which is approximately 1.5 µm in 
length and 0.5 µm in diameter (Legendre et al., 2014). The virion of Pithovirus 
sibericum is bigger than the smallest free-living eukaryote Ostreococcus tauri 
(Courties et al., 1994) and almost as large as a typical prokaryotic cell, reducing 
the gap in size between viruses and cellular organisms. In conclusion, 
virosphere is a complex and diverse world. This makes the taxonomy of viruses 
a crucial part of the discipline of virology, helping us to make the world of 
viruses comprehensible. 
 
 

1.1.1. Taxonomy of viruses 

Nature is a continuum in which adjacent elements are similar, but the extremes 
are quite distinct. The purpose of taxonomy is to draw boundaries within this 
continuum – an artificial task, but necessary nevertheless. Viruses are physical 
entities, whereas taxa are abstract concepts that facilitate communication among 
virologists and between other stakeholders (investors, government regulators, 
and farmers).  

Viruses were historically characterised by their ability to pass through filters 
that retained most of the bacteria. Dimitri Ivanofsky (1864–1920), commis-
sioned by the Russian Department of Agriculture to investigate the cause of a 
tobacco disease on plantations in Ukraine, reported to the Academy of Sciences 
on February 12, 1892; “The sap of leaves infected with tobacco mosaic disease 
retains its infectious properties even after filtration through Chamberland filter 
candles” (Knipe, 2013). However, Martinus Willem Beijerinck (1851–1931) 
was the first to call these incitants of tobacco a “virus” in 1898 (Knipe, 2013). 
Since then, the number of different viruses has grown tremendously and there 
have been many efforts to create a unified taxonomy of viruses. One of the first 
was the Baltimore classification (Baltimore, 1971), which still co-exists with 
the International Committee on Taxonomy of Viruses (ICTV). 
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1.1.1.1. Baltimore classification 

David Baltimore developed a virus classification scheme in the early 1970s, 
which grouped viruses into classes, depending on the nature of nucleic acid 
packaged in virions (Baltimore, 1971). The initial publication defined six dif-
ferent classes. Later, the classification has been extended by adding a seventh 
class. Baltimore classification contains the following classes: 
 
● Class I: Double-stranded DNA (dsDNA) viruses (e.g., Pandoravirus salinus, 

Pithovirus sibericum, Papillomaviridae family, Polyomaviridae family, 
Herpesviridae family) 

● Class II: Single-stranded DNA (ssDNA) viruses DNA (e.g., Porcine circo-
virus, Parvoviridae family, Geminiviridae family) 

● Class III: Double-stranded RNA (dsRNA) viruses (e.g., Reoviridae family) 
● Class IV: Positive-sense single-stranded RNA [(+)ssRNA] viruses (e.g., 

Alphavirus genus) 
● Class V: Negative-sense single-stranded RNA [(–)ssRNA] viruses (e.g., 

Influenza Virus) 
● Class VI: Positive-sense single-stranded RNA reverse transcribing (ssRNA-

RT) viruses with DNA intermediate in life-cycle (e.g., Retroviridae family) 
● Class VII: Double-stranded DNA reverse transcribing (dsDNA-RT) viruses 

with RNA intermediate in life-cycle (e.g., Hepatitis B virus) 
 

1.1.1.2. ICTV taxonomy 

Nowadays, the classification of viruses is handled by the ICTV. It is solely 
responsible for naming viruses and classifying them into a taxon. The lowest 
taxonomic rank is species, defined as “a monophyletic group of viruses whose 
properties can be distinguished from those of other species by multiple criteria – 
virion morphology, replication strategy, genome type, host range, pathogenicity 
and epidemiology (Peter Simmonds et al., 2017). The majority of viral species 
are assigned to a genus and genera in turn into a family. Relatively few families 
are assigned to an order (Peter Simmonds et al., 2017). Current ICTV release 
(2018b) includes 1 realm, 14 orders, 150 families, 1019 genera and 5560 
species [https://talk.ictvonline.org/taxonomy/p/taxonomy_releases, 12.04.2019]. 
A realm is the highest taxonomic rank established by the ICTV. To date, only 
Riboviria is described at this rank  
[https://talk.ictvonline.org/ictv/proposals/2017.006G.A.v3.Riboviria.zip, 12.04.19]. 

In recent years, metagenomic data has changed our view on virus diversity 
and the way we classify viruses (Peter Simmonds et al., 2017). Many meta-
genomic studies have exposed the “missing” diversity of viruses and even 
increased the number of viral genes many times over (Brum et al., 2015; Paez-
Espino et al., 2016; Roossinck, 2012; Steward et al., 2013). For example, a 
study that assessed viral community patterns from 43 Tara Oceans expedition 
samples (collected from different seas and oceans around the world) showed 
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that only a tiny fraction, 39 out of 5476 distinct dsDNA virus clusters, corre-
sponded to cultured viruses in databases (Brum et al., 2015). This result shows 
the dearth of reference genomes in databases. However, the solution is not as 
easy as just including all metagenomic findings into the ICTV taxonomy. There 
are many challenges. First, most of the viruses found in metagenomic studies 
lack biological properties (e.g., virion morphology and host). Second, the risk of 
incorporating incomplete or chimeric genomes into taxonomy increases. Third, 
assembling a segmented or multipartite (segments are in different capsids that 
are independently transmitted) viral genome from short sequence reads is dif-
ficult. (Peter Simmonds et al., 2017) 

Biological properties of viruses are largely encoded in their genomes, except 
for some examples of viral epigenetics (Milavetz & Balakrishnan, 2015). There-
fore, the classification based on sequence information alone is not limited by the 
absence of biological attributes, but by our inability to infer virion structure or 
other phenotypic attributes from its genome (Peter Simmonds et al., 2017). 
Bioinformatics’ tools and machine learning methods can help us solve this 
problem. For instance, the work done in Google DeepMind (AlphaFold, 
https://deepmind.com/blog/alphafold/, 12.04.2019) has shown unprecedented 
progress in the ability to predict protein structure using artificial neural net-
works (Hou, Wu, Cao, & Cheng, 2019). In the future, machine learning methods 
could hold the key to determining structures for the vast number of different 
viral proteins. 
 
 

1.1.2. The origin of viruses 

Neither the Baltimore classification nor the ICTV taxonomy at higher ranks 
(orders, realm) claims a common origin of viruses in these taxa. A common 
origin can only be assumed with confidence at species and genus level, likely at 
the family level as well, with some exceptions. For instance, Myoviridae, Podo-
viridae and Siphoviridae families from order Caudovirales (the tailed bac-
teriophages) each contain multiple highly divergent lineages (Aiewsakun, 
Adriaenssens, Lavigne, Kropinski, & Simmonds, 2018). Only 22 currently 
assigned subfamilies in order Caudovirales are clearly monophyletic (Aiewsakun 
et al., 2018). In higher ranks, the relationship between viral families is vague at 
best. Still, that does not mean a common origin can be ruled out (Low, 
Džunková, Chaumeil, Parks, & Hugenholtz, 2019).  

Unfortunately, unlike cellular organisms, viruses leave no fossil records. 
Their evolutionary origin and relationships with other organisms must be deduced 
from “surviving” viral features (Nasir, Kim, & Caetano-Anollés, 2012). How-
ever, it is suggested that RNA-dependent RNA polymerases (RdRp) and reverse 
transcriptases in viruses are the relics of the primordial world (Krupovic, Dolja, 
& Koonin, 2019). For instance, the analysis of 4617 RNA virus RdRp sequences 
showed that (−)ssRNA viruses probably evolved from dsRNA viruses and 
dsRNA viruses in turn evolved from (+)ssRNA viruses (Wolf et al., 2018). 
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Reconstruction of RNA virus evolution suggested that the last common 
ancestors of (+)ssRNA viruses encoded only the RdRp and a single jelly-roll 
capsid protein (Wolf et al., 2018). However, the exact origin of RNA and DNA 
viruses is still unknown. At the present time, we are left with three main 
scenarios: the virus-first hypothesis, the reduction hypothesis and the escape 
hypothesis (Forterre, 2006a).  
 

1.1.2.1. The virus-first hypothesis 

The virus-first hypothesis states that viruses predated modern cells and coexisted 
with ancestral cells (predated LUCA) or were even direct descendants of the 
first replicons and existed during the precellular stage of life (Bamford, 2003; 
Holmes, 2011; Eugene V Koonin, Senkevich, & Dolja, 2006, 2009; Krupovic et 
al., 2019). This suggests that viruses are billions of years old and may have even 
contributed some of the fundamental architectures to cellular life, including 
DNA itself (Forterre, 2006b; Eugene V Koonin et al., 2006, 2009). Multiple 
findings support the virus-first hypothesis: 
 
● The emergence of selfish replicating elements, in a system, having a 

resource that can be potentially exploited, is almost inevitable (Bansho, 
Furubayashi, Ichihashi, & Yomo, 2016; Ichihashi, 2019; Iranzo, Puigbò, 
Lobkovsky, Wolf, & Koonin, 2016; Eugene V Koonin, Wolf, & Katsnelson, 
2017). A long-term in vitro replication experiment has provided experimen-
tal evidence that replicating systems can be viable even in the presence of 
parasitic replicators (Ichihashi et al., 2013). However, the presence of cell-
like compartments seems to be an important factor for continuous host-para-
site co-replication as the parasitic RNAs that spontaneously appear in the 
artificial replication systems collapse host’s RNA replication under bulk 
condition (Bansho et al., 2016). 

● Another convincing evidence for primordial origin is the fact that viruses use 
many genome types (ssDNA, dsDNA, (−)ssRNA, (+)ssRNA and dsRNA) 
compared to cellular organisms, which only use one – dsDNA. In addition, 
viruses benefit from different replication strategies, for instance, rolling 
circle replication (e.g. geminiviruses (Rizvi, Choudhury, & Tuteja, 2015)), 
protein-primed replication (e.g. bacteriophage Φ29 (Mendez, Blanco, & 
Salas, 1997; Salas & de Vega, 2016)) and the classic bidirectional theta 
replication (HPV16 (Flores & Lambert, 1997)) in dsDNA viruses, not to 
mention strategies in RNA viruses. In some viruses (HPV16, bacteriophage 
lambda, Epstein Barr virus) there is even a switch from one replication to 
another (Flores & Lambert, 1997; Hammerschmidt & Sugden, 1988; 
Narajczyk, Barańska, Wegrzyn, & Wegrzyn, 2007). 

● The existence of several genes central to virus replication and structure in 
virus genomes with different replication strategies, such as large DNA 
viruses and positive-strand RNA viruses (Eugene V Koonin et al., 2006), 
without any indication of horizontal gene transfer (HGT) between these 
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viruses suggests the model of an ancient virus world (Eugene V Koonin et 
al., 2009). These genes are called viral hallmark genes (VHGs). The phrase 
“viral hallmark genes” was coined by Koonin et. al indicating genes shared 
by many diverse groups of viruses, with only distant or no homologs in 
cellular organisms (Eugene V Koonin et al., 2006). Also, Abroi and Gough 
have shown that the existence of virosphere-specific protein domains is not 
an artefact of missing data and it will not be overturned in the future by the 
increasing number of sequenced genomes and knowledge of protein struc-
tures (Abroi & Gough, 2011). It can be reasoned that the existence of VHGs 
in an enormous range of viruses is a relic of precellular evolution.  

● Structural analyses of virion architecture and capsid protein topology of 
icosahedral viruses have revealed evidence of putative ancient viral lineages 
that co-evolved with ancestral cells (Bamford, Grimes, & Stuart, 2005). The 
fact that the convergence is not a viable option for the evolution of the 
capsid protein of icosahedral viruses only strengthens the claim (Krupovic & 
Bamford, 2008). Convergence is also a debatable issue for other homo-
logous VHGs as they often have a high sequence similarity (Eugene V 
Koonin et al., 2006, 2009).  

● Some capsid proteins from viruses infecting phylogenetically distant hosts 
have shown to have a common ancestry. For instance, PRD1 protein from 
adenoviruses (eukaryotic virus), STIV from archaea viruses, PRD1 from 
bacteriophages, and PBCV from an algae virus (Fu & Johnson, 2012). Their 
abundance in different types of viruses with respect to the range of their 
hosts indicates ancestral origin (Abroi & Gough, 2011; Bamford, 2003; Fu 
& Johnson, 2012).  

 
The virus-first hypothesis has been challenged mainly by reasoning that all of 
the present-day viruses need a cellular host to replicate, therefore, requiring the 
existence of cells before viruses (Forterre, 2006a). In the absence of cells, virus 
particles are nothing but inanimate complex organic matter as virus particles are 
“not living, but lived entities” – viruses are produced and evolved by the cells, 
viruses do not self-reproduce or evolve by themselves (Guerrero, Piqueras, & 
Berlanga, 2002; Moreira & López-García, 2009). Also, HGT seems to be 
rampant in viruses (Eugene V Koonin & Dolja, 2006; E V Koonin, Makarova, 
& Aravind, 2001; Moreira & Brochier-Armanet, 2008), therefore the claim 
about the existence of ancient viral lineages, just because different viruses encode 
one or a few common genes, might be misguided (Moreira & López-García, 
2009). 
 

1.1.2.2. The reduction hypothesis 

The reduction hypothesis (“regressive” hypothesis) postulates that viruses are 
regressed copies of parasitic cellular species that have lost the majority of their 
genes that are provided by the host (Krupovic et al., 2019; Nasir & Caetano-
Anollés, 2015). The reductive evolution works as follows: initially, two free-
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living organisms developed a symbiotic relationship. Over time, one of the 
organisms became more dependent on the other and the relationship turned to 
parasitic. Eventually, the previously free-living organism was unable to replicate 
independently anymore and it became an obligate intracellular parasite. There 
are many examples of reductive genomic evolution in nature, for instance, 
mitochondria in eukaryotic cells and several bacteria species (e.g Rickettsia) 
that are obligate intracellular parasites, evolved from free-living ancestors 
(Sagan, 1967; Weinert, Werren, Aebi, Stone, & Jiggins, 2009; Williams, Sobral, 
& Dickerman, 2007). 

However, in viruses, the hypothesis is mainly considered in case of giant 
protist-infecting dsDNA viruses (Nasir, Kim, & Caetano-Anollés, 2012), but 
can be also considered for several bacterial viruses which encode ribosomal 
proteins (Krupovic et al., 2019; Mizuno et al., 2019). Some studies even suggest 
that giant dsDNA viruses should form the fourth domain of life next to Bacteria, 
Archaea, and Eukarya as the genomes of large dsDNA viruses contain many 
genes present in cells including elements from translation system (Desnues, 
Boyer, & Raoult, 2012; Legendre, Arslan, Abergel, & Claverie, 2012; Nasir, 
Kim, & Caetano-Anolles, 2012; Raoult et al., 2004). Still, host to virus (H2V) 
gene transfer combined with accelerated evolution of viral genes is probably a 
more likely explanation than large dsDNA viruses being the fourth domain of 
life (Yutin, Wolf, & Koonin, 2014). Also, among many proteins shared with 
cellular organisms (aaRS, RNAP II, translation factors like ElF1) only IleRS 
showed some support for fourth domain theory (Yutin et al., 2014). In addition, 
Gao et al. found that giant viruses have the largest number of duplicated genes 
indicating that giant viruses might evolve by complexification from smaller 
viruses not by reduction (Gao, Zhao, Jin, Xu, & Han, 2017). However, previous 
points do not render reductive evolution invalid as a process of how viruses can 
evolve. For instance, the loss of the core genes of a putative ancestral virus of 
orthopoxviruses played a critical role in speciation (Hendrickson, Wang, 
Hatcher, & Lefkowitz, 2010). 
 

1.1.2.3. The escape hypothesis 

The parasitic nature of viruses implies that cells predated viruses and viruses 
could have emerged from these cells as “escaped genes” that acquired the 
ability to replicate and later evolved via HGT (Forterre, 2006a; Nasir, Kim, & 
Caetano-Anollés, 2012). The escape hypothesis (escaped host’s gene hypothesis 
or progressive hypothesis) implies that these “escaped genes” might have been 
pieces of genetic material capable of moving within a genome (e.g. retrotrans-
posons) that acquired the ability to exit the cells. The escape event may have 
happened from modern cells (e.g., hepatitis delta virus (Radjef et al., 2004; 
J. M. Taylor, 2014; J. Taylor & Pelchat, 2010)) but is possible also from 
primordial cells (Krupovic et al., 2019). 

The most interesting implication of this hypothesis is that the majority of 
genes in viruses should have homologs in cellular organisms. However, the 
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presence of structures that are unique to viruses has put a challenge to this 
hypothesis (Abroi & Gough, 2011; Forterre, 2006a; Eugene V Koonin et al., 
2009). For instance, RdRp, reverse transcriptase and protein-primed DNA 
polymerase in viruses do not have cellular homologs other than horizontally 
acquired counterparts (Krupovic et al., 2019). It should be noted that cellular 
RdRp (involved in the formation of telomeres and small RNAs) are homologous 
to DNA-dependent RNA polymerases involved in transcription, not to the viral 
RdRp (Iyer, Koonin, & Aravind, 2003; Krupovic et al., 2019). 
 

1.1.2.4. Implications of the origin of viruses hypotheses 

Viruses have different replication strategies, gene content, capsid architecture, 
and genome types which suggest various evolutionary origins – viruses are 
polyphyletic (Bamford, 2003; Eugene V Koonin et al., 2006; Moreira & López-
García, 2009). Thus, we do not have to pick one single hypothesis and discard 
others, as all of them might be correct at the same time (but for different 
viruses). In addition, there is no reason that any of these events (e.g. gene 
escape) only happened once. Also, a chimeric scenario has been proposed in 
which the virus replication machinery originates from the primordial pool of 
genetic elements, but the capsid proteins were acquired from the ancestors of 
modern cells at different stages of evolution (Krupovic et al., 2019). In con-
clusion, it can be reasoned that different viral families could have emerged 
through different paths.  

The escape hypothesis, the reduction hypothesis and partly also the chimeric 
hypothesis create one important prediction – many genes found in viruses 
should have their ancestries (homologs) in cellular genomes. Investigating the 
provenance of viral genes may give us insights into the matter of viral evolution 
and origin. 
 
 

1.1.3. Papillomaviruses 

In the current thesis, the origin of papillomaviruses was studied. Papilloma-
viruses (PVs) infect many mammalian species (including marine mammals), 
birds, turtles, snakes and fish (Van Doorslaer, Li, et al., 2017). PVs have been 
of interest due to their association with cancers. Oncogenic human papilloma-
viruses (HPVs) are responsible for almost all cases of cervical (99%) and anal 
(88%) cancers, as well as about 70% vagina, 50% penile, 13–56% oropharynx 
(depending on the geographical location) and 43% of vulvar cancers (De Vuyst, 
Clifford, Nascimento, Madeleine, & Franceschi, 2009; Forman et al., 2012). 

PVs have a circular double-stranded DNA genome between 5748–8809 bp 
(pave.niaid.nih.gov, 23.06.2019) which is packed in a non-enveloped ico-
sahedral capsid (Van Doorslaer et al., 2013). The PV genome organization is 
highly conserved (Van Doorslaer & McBride, 2016). A typical mammalian PV 
genome encodes at least 8 proteins (E1, E2, L1, L2, E6, E7, E8^E2, E1^E4). 
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The “E” stands for early and the “L” stands for late – proteins that are expressed 
in the early or late phase of viral infection (Van Doorslaer, 2013). At the present 
time, a total of 405 PV reference genomes are available in The Papillomavirus 
Episteme (PaVE) database (pave.niaid.nih.gov, 23.06.2019), including 198 
HPVs (Van Doorslaer, Li, et al., 2017). The PaVE database (pave.niaid.nih.gov) 
is reliable and widely used resource by PV researchers. It contains highly 
organised and curated papillomavirus genomics information including many 
tools for the scientific community (Van Doorslaer, Li, et al., 2017).  
 

1.1.3.1. The origin of papillomaviruses 

In 1933 Shope et al. published work on infectious papillomatosis of wild 
cottontail rabbits found in northwestern Iowa (Shope & Hurst, 1933). Now, 
almost 90 years later after decades of research, scientists have acquired a wealth 
of information about the molecular biology of papillomaviruses and viruses in 
general. However, the evolutionary origin of papillomaviruses is still enigmatic. 

PVs have been isolated from various mammalian species and sauropsids, but 
also from four different bony fish: gilthead seabream, rainbow trout, red snapper 
and haddock (López-Bueno et al., 2016; Willemsen & Bravo, 2019). These PVs 
exhibit a unique genome organization, encoding only the minimal PV backbone 
(E1, E2, L1 and L2) while lacking any of oncogenes (E5, E6, and E7) (López-
Bueno et al., 2016; Willemsen & Bravo, 2019). Also, these PVs form a mono-
phyletic clade in the E1-E2-L2-L1 concatenated tree at the nucleotide level and 
are suggested as a new root to the phylogenetic tree of papillomaviruses 
(Willemsen & Bravo, 2019). The analysis of the phylogenetic tree of papilloma-
viruses has dated the root around 481 MYA (656–326 MYA) in one study (Van 
Doorslaer et al. 2017) and 424 MYA (446–402 MYA) in another (Willemsen & 
Bravo, 2019). The gain of ancestral E6 and E7 gene has been dated much later 
about 184 MYA (Willemsen & Bravo, 2019).  

The occurrence of PVs in fish gives an indication that PVs were already 
infecting the earliest Euteleostomi (Van Doorslaer, Ruoppolo, et al., 2017). The 
Euteleostomi clade includes more than 90 percent of the living vertebrate 
species (Van Doorslaer, Ruoppolo, et al., 2017). Also, the lack of E5, E6 and E7 
genes from genomes of fish PVs, reinforce the proposed evolutionary scenario 
that ancestral PV genome contained only four core genes (E1, E2, L1 and L2) 
and did not contain any of the oncogenes (García-Vallvé, Alonso, & Bravo, 
2005; Willemsen & Bravo, 2019). Investigating the occurrence of PV gene 
homologs, especially the core gene homologs, in cellular organisms may give us 
clues for PV origin. This was the task in Ref. I of current thesis. 

Still, not all genes (protein folds) in viruses can be traced back to cellular 
organisms (Abroi & Gough, 2011). There are multiple potential scenarios that 
explain the missing homologs: ancestral viral origin (virus-first hypothesis); 
cellular origin but later lost by cells; cellular origin but the respective taxon has 
become extinct; or the genes could have been evolved de novo in viruses (Abroi 
& Gough, 2011; Sabath, Wagner, & Karlin, 2012). Some of these de novo 
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evolved proteins, like tombusvirus' p19, have been structurally and functionally 
characterised, showing the previously unknown structure and an unknown 
mechanism of action (Pavesi, Magiorkinis, & Karlin, 2013; Vargason, Szittya, 
Burgyán, & Hall, 2003). However, almost all proteins identified as evolved de 
novo in viruses have a “secondary” function, e.g. related to pathogenicity not to 
replication or structure (Pavesi et al., 2013). At the same time, the inability to 
find cellular homologs to a viral protein does not prove that it has originated de 
no or has an ancestral origin. The evolution rate in viruses is much higher, 
sometimes up to five orders of magnitude higher compared to cellular 
organisms. Thus, the sequence similarity can be so low that the homology is not 
confidently detectable by pairwise sequence analysis (Aiewsakun & 
Katzourakis, 2016; Duffy, Shackelton, & Holmes, 2008; Sanjuán, Nebot, 
Chirico, Mansky, & Belshaw, 2010). The high mutation rate in viruses is not the 
only difficulty that scientists face in the field of the deep phylogenetic studies of 
viruses. Rooting phylogenetic trees, distant homology detection, HGT are just a 
few of these difficulties.  
 
 

1.1.4. The phylogenetic studies of viruses 

Traditionally, species phylogenies are inferred from a single gene tree or from a 
concatenated nucleotide sequence tree (Gadagkar, Rosenberg, & Kumar, 2005). 
In order to infer deeper relationships, protein multiple sequence alignments are 
used. For instance, from a set of core genes (e.g. genes involved in the protein 
synthesis), which are nearly universal protein-coding genes in cellular organisms, 
a universal tree of life (TOL) can be constructed (O’Malley & Koonin, 2011). 
However, viruses have always been left out from the TOL (Claverie & Ogata, 
2009; Hegde, Maddur, Kaveri, & Bayry, 2009; Ludmir & Enquist, 2009; 
Moreira & López-García, 2009) and therefore there is no viral equivalent to the 
cellular tree of life. In fact, it is not even reasonable to construct one single tree 
of viruses as viruses are thought to be polyphyletic and no single gene has been 
identified that is shared by all viruses. Therefore, constructing a unified “gene 
tree” of all viruses is impossible (Holmes, 2011; Eugene V Koonin & Dolja, 
2013; Eugene V Koonin et al., 2006). Furthermore, even between different 
Baltimore classes, very few genes are shared (Nasir and Caetano-Anollés, 
2015). 

However, is it possible to give a rough estimate to the number of different 
monophyletic groups in viruses (viral origins)? The number of viral origins 
should not exceed the number of genera in virus taxonomy. Thus, based on 
ICTV release 2018b, there should be less than 1019 monophyletic groups. How-
ever, the number is probably closer to the number of viral families as the 
majority of them are monophyletic except families from Caudovirales. In ICTV 
taxonomy (release 2018b) there are 150 viral families and 12 genera which are 
not signed into a family. The five families in Caudovirales order are divided 
into 26 subfamilies and 271 genera are not assigned into a subfamily. However, 
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a bipartite network of viral genera shows less than 20 unconnected clusters 
(Fig. 1). Bipartite networks have been successfully used for researching viro-
sphere in several studies (Iranzo et al., 2016c, 2016b). It consists of two types of 
nodes: a virus genome or higher taxon (in our example genera) and genes or 
protein domains (in our example assigned Pfam protein domain families).   

Figure 1. A bipartite network of viral genera. The network is based on Pfam 32 
assignments in UniProtKB “Reference proteomes”. Black dots represent Pfam 32.0 
protein domain families. Virus genera are coloured based on the genome type. Protein 
domains are connected to a viral genus if in at least one proteome a protein domain is 
assigned (a genus may contain multiple reference proteomes). Viruses are positioned on 
the graph using the Fruchterman-Reingold force-directed layout algorithm. Visualiza-
tion is done in Cytoscape 3.7.1 (Shannon et al., 2003) and layout is calculated with the 
AllegroLayout plugin. Maximum iterations were 2000 with the option “no overlap 
iterations” enabled. Edges were weighted using the proportion of genomes in a genus 
having a domain assigned. (Data not published) 
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Of course, virus genera in the major cluster in figure 1 do not share one single 
gene and separate subclusters can be observed. In addition, virus to virus 
horizontal gene transfer through a common host and gene loss should be taken 
into account before making any conclusions. It has been suggested that gene 
loss plays an important role in speciation and evolution in some viruses 
(Hendrickson et al., 2010; Van Doorslaer & McBride, 2016). There are also 
other problems which virologists face in the field of deep phylogenetic studies 
of viruses discussed in the following chapter. 

 

1.1.4.1. Peculiarities in deep evolutionary studies of viruses 

One of the most troublesome features that affect the deep phylogenetic studies 
of viruses is the viruses’ ability to pickpocket genes from their hosts. Without 
considering horizontal gene transfer (HGT), drawing conclusions can be erro-
neous (Yutin et al., 2014). Some studies even suggest that viruses could have 
been an engine for the genesis of protein structures in cellular organisms 
through host-to-virus (H2V) and virus-to-host (V2H) HGT (Abroi & Gough, 
2011). In addition, it has been shown that the mechanisms applied for creating 
new genes in viruses and in cellular organisms differ. Emergence of new protein-
coding genes in cellular organisms is mainly attributed to gene duplication, 
which is a major mechanism of evolutionary change in bacteria and eukaryotes 
(Conant & Wolfe, 2008; Gao et al., 2017; He & Zhang, 2005; Magadum, 
Banerjee, Murugan, Gangapur, & Ravikesavan, 2013; Panchy, Lehti-Shiu, & 
Shiu, 2016; Simon-Loriere & Holmes, 2013). Gene duplication also plays a role 
in the evolution of some dsDNA viruses (Gao et al., 2017). However, in RNA 
viruses, ssDNA viruses and in dsDNA-RT viruses gene duplication is rare (Gao 
et al., 2017; Simon-Loriere & Holmes, 2013). 

Another feature, which is characteristic of viruses, is the high mutation rate. 
It is typically much higher than in bacteria, archaea or in eukaryotes. What 
makes the situation even more complex is that the mutation rate differs between 
viruses with different genomes, especially if we compare ssRNA and dsDNA 
viruses (Aiewsakun & Katzourakis, 2016; Duffy et al., 2008; Sanjuán et al., 
2010). The mutation rate in dsDNA viruses is about 10–7–10–8 mutations per 
replication and in ssRNA viruses, it is about 10–3–10–5 mutations per replication 
(Duffy et al., 2008). This corresponds to the fidelity of the polymerases – RNA-
dependent RNA polymerase (RdRp) is more error-prone than DNA polymerase 
(Gout, Thomas, Smith, Okamoto, & Lynch, 2013; Lynch, 2010). Nonetheless, it 
is remarkable that nearly identical sequences at the nucleotide level occur in 
such far-reaching environments as the Southern Ocean, the Gulf of Mexico, an 
Arctic freshwater cyanobacterial mat and Lake Constance, Germany (C. M. Short 
& Suttle, 2005; Suttle, 2005). However, not all generated mutations will be 
fixed in a population.  

The overall nucleotide substitution rate (fixed mutations in a population) 
varies also between viruses. For instance, it falls in the range between 10–2 to 
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10–5 nucleotide substitutions per site per year in nearly all RNA viruses (Duffy 
et al., 2008; Hanada, Suzuki, & Gojobori, 2004; Jenkins, Rambaut, Pybus, & 
Holmes, 2002). In papillomaviruses (dsDNA viruses), it has been estimated that 
the viral genes evolve about 5–10 times faster compared to their mammalian 
host nuclear protein-coding sequences which are thought to acquire about 
2 × 10−9 substitutions per site per year (Kumar & Subramanian, 2002; Rector et 
al., 2007; Shah, Doorbar, & Goldstein, 2010; Van Doorslaer, 2013). In addition, 
it has been shown that the short-term substitution rate of viruses is much higher 
than the long-term substitution rate (Aiewsakun & Katzourakis, 2016). Hence, 
the sequence space sampled by viruses is even larger than that expected from 
long-term substitution rates.  

The mutation saturation may destroy phylogenetic signals in viral sequences 
affecting the validity of deep phylogenetic inference (G. Caetano-Anollés & 
Nasir, 2012; Sober & Steel, 2002). Therefore, multiple sequence alignment of 
viral genes may not be sufficiently robust to draw conclusions about the early 
moments of viral evolutions and we should always interpret the results with 
extreme caution (Holmes & Duchêne, 2019; Wolf et al., 2018, 2019). Also, due 
to the high substitution rate in viral genomes, the similarity between homo-
logous sequences in viruses and cellular organisms may be too low to detect 
homology. Fortunately, profile hidden Markov models (profile-HMMs) may 
allow us to detect these distant homologous sequences, which may be prob-
lematic with traditional pairwise sequence comparison methods. 

 
 

1.2. Methods for homology detection 

1.2.1. Pairwise sequence comparison methods 

Homology is the existence of shared ancestry between two sequences. Pairwise 
sequence comparison methods have been the traditional approach to find best-
matching alignments between the two sequences from which homology can be 
inferred. The alignment between the two sequences can be global or local. A 
global alignment is achieved by aligning two sequences end-to-end which may 
include large stretches of low similarity regions. In the case of local alignments, 
only regions with high similarity are aligned. Often, local alignments are 
preferred as proteins are built of distinct regions called domains.  

One of the most used methods for producing pairwise local alignment is the 
word method. The word method identifies all possible non-overlapping words 
(subsequences) in the query sequence that are then matched to a sequence in a 
database. These words must have an identical match or have a similarity score 
of at least some threshold T. Word method is a heuristic method that does not 
guarantee an optimal solution (alignment) but is more efficient than dynamic 
programming (e.g., Smith-Waterman algorithm) which guarantees to find an 
optimal solution. BLAST (Altschul, Gish, Miller, Myers, & Lipman, 1990) and 
FASTA (W R Pearson & Lipman, 1988) are two well-known pairwise sequence 
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comparison algorithms that identify the similarity between protein or nucleotide 
sequences using the word method. These algorithms can be used to infer 
functional and evolutionary relationships between sequences as well as help 
identify members of protein families. (Altschul et al., 1997; William R Pearson, 
2014, 2016) 
 

1.2.1.1. FASTA 

One of the first protein sequence alignment programs was FASTP developed by 
David J. Lipman and William R. Pearson in 1985 (Lipman & Pearson, 1985). 
Later, FASTP evolved into a FASTA package (W R Pearson & Lipman, 1988). 
The name FASTA stands for “FAST-All” as it works with protein and nuc-
leotide sequences. FASTA algorithm searches for word-to-word matches 
(aligned identical amino acids) of a given length k, before performing a more 
time-consuming search with a local alignment algorithm. Focusing only on 
small identical regions between two sequences requires fewer comparisons 
resulting in a faster algorithm. The word size k controls the sensitivity and the 
speed of the algorithm. The method is faster but less sensitive at higher values 
of k (ktup parameter). By default, k=2 in the case of protein sequences, for 
nucleotide sequences, the k is higher (k=4 or k=6). Only a small set of highest 
scoring local regions, which exceed a given threshold, are selected to the 
alignment step. The scoring is based on PAM (initially PAM250) or BLOSUM 
(BLOSUM50 in the latest versions) substitution matrix. The BLOSUM 
(BLOcks SUbstitution Matrix) substitution matrix is derived from about 2000 
blocks of aligned sequence segments, however, the PAM (point accepted 
mutation) matrices are based on evolutionary rates. In general, a substitution 
matrix describes the rate at which one amino acid is replaced with another. 
Amino acids with similar properties (e.g., charge or polarity) are replaced more 
easily. The number after the BLOSUM matrix shows the maximum pairwise 
identity of blocks from which the matrix is built. The number behind the PAM 
matrix shows the number of mutations per 100 amino acids. (Henikoff & 
Henikoff, 1992). Wilbur and Lipman algorithm (Wilbur & Lipman, 1983) 
computes the final similarity score allowing insertions and deletions. FASTA 
also provides tools for evaluating the statistical significance of an alignment. 
(Lipman & Pearson, 1985; William R Pearson, 2016; W R Pearson & Lipman, 
1988)  
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1.2.1.2. BLAST 

The Basic Local Alignment Search Tool (BLAST) was developed in the 90s 
and was an order of magnitude faster than FASTP (Altschul et al., 1990). 
Similar to FASTP it uses the word method to find initial similar local regions. 
However, instead of finding identical matches, a similarity score is used to 
select the best matching words. Each of these matches must have a similarity 
score of at least some threshold T. A higher value of T yields greater speed, but 
weak similarities between sequences may be missed. BLOSUM62 substitution 
matrix is used by default (in the initial implementation PAM120 substitution 
matrix was used). In the next step, dynamic programming is used to extend the 
best matching words in both directions and allow gaps in the resulting align-
ments. In addition, BLAST calculates the statistical E-value of matches that can 
be used to filter significant hits. The E-value shows the number of hits that 
could be expected by chance when searching a database of a particular size. 
(Altschul et al., 1997, 1990) 

Both BLAST and FASTA provide a variety of similarity measurements (bit 
score, E-value, percent identity, and percent similarity) from which one can 
infer homology or distinguish biologically significant results from randomly 
occurring high scoring alignments. The difference is in the procedure of finding 
matching words (identical matching words in FASTA vs substitution matrix 
based scoring in BLAST). Also, the default word size is larger in BLAST 
(6 vs 2). The default parameters in FASTA allow higher sensitivity for very 
distantly related sequences but require longer alignments. However, the BLAST 
algorithm is faster than the FASTA algorithm. (William R Pearson, 2014) 
 
 

1.2.2. Hidden Markov models 

Pairwise sequence comparison methods for homology searches like BLAST or 
FASTA work well only with protein sequences whose identities are larger than 
30%, but fail to find more distantly related proteins at lower identity (Brenner, 
Chothia, & Hubbard, 1998). Thus, detection of distant homologs is problematic 
with pairwise sequence comparison methods, especially in deep viral phylo-
genies. A more sensitive approach is to use hidden Markov models (HMMs) to 
detect remote homologs (Kirsip & Abroi, 2019; Kuchibhatla et al., 2014; Park 
et al., 1998).  

Markov models are statistical models that are well-known for their per-
formance in modeling the correlations between adjacent symbols on time series 
or on a linear sequence (Eddy, 1998, 2004; Yoon, 2009). A hidden Markov 
model is used to describe observable symbols (e.g., amino acids) that depend on 
hidden states. In other words, an HMM consists of two stochastic processes – an 
invisible process of hidden states and a visible process of observable symbols. 
The hidden states form a Markov chain. A Markov chain is a stochastic model 
that experiences transitions from one state to another according to certain 



 
 

25 

probabilities. However, no matter how a present state is achieved, all possible 
future states are fixed. I.e., the probability of transitioning to any next state is 
dependent only on the state attained in the previous event (Sean R Eddy, 2004; 
S R Eddy, 1998; Yoon, 2009). In biology, HMMs have been used in gene pre-
diction (Munch and Krogh 2006), modeling DNA sequencing errors (Lottaz et al. 
2003), protein secondary structure prediction (Won et al. 2007) and modeling 
protein domains (Gough et al., 2001; Lewis et al., 2018; Sonnhammer et al., 
1997). 

There exist a large number of HMM variants that modify and extend the 
basic model and one of these variants is profile-HMMs which is used to model 
a multiple sequence alignment (Sean R Eddy, 2004; S R Eddy, 1998; Yoon, 
2009). A profile-HMM uses three types of hidden states: match states (Mn), 
insert states (In), and delete states (Dn). As a simple example, let’s consider an 
HMM that models a small alignment of amino acid sequences (Fig. 2). The 
sequence alignment contains different observed symbols (amino acids) at each 
position. The amino acid frequencies at the n-th position are emission prob-
abilities for the n-th match state. The transition probabilities (match state to 
match state, match state to insert state, etc.) are calculated from the alignment. 
Now, given a new amino acid sequence, we can compute the most likely hidden 
state sequence (alignment) based on observed amino acids. For that, we could 
construct all possible alignments and calculate probabilities for each hidden 
state sequence. However, this is computationally very expensive, therefore, 
more efficient algorithms are used, for instance, the Viterbi (Forney, 1973) 
algorithm. (Sean R Eddy, 2004; S R Eddy, 1998; Yoon, 2009). 

Compared to pairwise sequence comparison methods, a profile-HMM can 
include information from many sequences into one model, which allows it to be 
more sensitive and find more distant homologs (Kuchibhatla et al., 2014; Park 
et al., 1998). Also, profile-HMM are able to model gaps using insertion and 
deletion states whereas pairwise sequence comparison methods use some fixed 
function to penalize for opening and extending gaps without distinguishing 
between them. Another very important aspect, why HMMs are popular in 
biology, is the availability of tools like HMMER (Sean R Eddy, 2009; Mistry, 
Finn, Eddy, Bateman, & Punta, 2013) and the existence of high-quality models 
in different resources like Pfam and SUPERFAMILY (J Gough, Karplus, 
Hughey, & Chothia, 2001; Sonnhammer, Eddy, & Durbin, 1997).  
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Figure 2. The architecture of a profile-HMM. Building a profile-HMM starts with a 
multiple sequence alignment (right corner). Profile-HMMs of biological sequence 
analysis have three hidden states – match state (M), insert state (I) and delete state (D). 
The emission probabilities in the match states are based on amino acid frequencies in 
the alignment. Transition probabilities are marked with arrows. All possible paths in the 
current example have been highlighted.  
 
 

1.2.2.1. HMMER 

Currently, one of the most popular software suites for protein sequence analysis, 
which implements profile-HMMs, is HMMER. It is designed to detect remote 
homologs as sensitively as possible using profile-HMMs. In addition to homology 
searches, HMMER can be used to make sequence alignments, build profile-
HMM models and work with single query sequences like BLAST. HMMER can 
handle both protein and nucleotide sequences. The latest version of HMMER 
(HMMER3) is essentially as fast as BLAST. (Sean R Eddy, 2009; Mistry et al., 
2013)  

HMMER consists of many individual programs: alimask, hmmalign, 
hmmbuild, hmmconvert, hmmemit, hmmfetch, hmmlogo, hmmpgmd, hmmpress, 
hmmscan, hmmsearch, hmmsim, hmmstat, jackhmmer, makehmmerdb, nhmmer, 
nhmmscan and phmmer [http://eddylab.org/software/hmmer/Userguide.pdf, 
20.06.2019]. Each of these has a specific task. In Ref. I, hmmscan and 
hmmsearch were used via https://www.ebi.ac.uk/Tools/hmmer/ webpage (Finn, 
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Clements, & Eddy, 2011). HMMER hmmscan program allows you to scan a 
sequence against a profile database (e.g., Pfam and SUPERFAMILY) to divide 
the sequence into its components (domains). HMMER hmmsearch searches 
profile-HMM against a sequence database looking for homologs to the model. 

 
 

1.3. Resources of protein domains families 

Protein space we know today is the result of billions of years of continuous 
evolution. Proteins are composed of one or more regions, known as domains. 
However, a polypeptide chain of a protein can be divided into domains on 
multiple criteria, therefore domain borders (length) may differ comparing 
various resources like Pfam, SCOP, CATH or ECOD (will be discussed in the 
following chapter) (Cheng et al., 2014; Dawson et al., 2017; Finn et al., 2006; 
Murzin et al., 1995). Usually, domains are defined based on reuse (Narunsky et 
al., 2019). However, there is no consensus on what is the exact definition of a 
domain (Day, Beck, Armen, & Daggett, 2003; Hadley & Jones, 1999; Holland, 
Veretnik, Shindyalov, & Bourne, 2006). For example, it has been estimated that 
only 60% of CATH domains have a similar SCOP counterpart (Kelley & 
Sternberg, 2015). 

The number of proteins in nature is much higher than the number of domain 
families. A large number of proteins is achieved by different combinations of 
domains i.e. architectures of protein domains (Green et al., 1993; Murzin, 
Brenner, Hubbard, & Chothia, 1995; Sonnhammer et al., 1997). Combinations 
could occur between domains with a different phylogenetic origin. Therefore, 
protein domains are more monophyletic than whole proteins. For instance, 
papillomavirus E1 protein consists of an E1 DNA binding domain (DBD) and a 
P-loop containing nucleoside triphosphate hydrolase domain. The latter is found 
in all cellular organisms, but the former exists only in few, implying different 
origin. Hence, protein domains are one of the fundamental units of evolution 
and can be used to trace the evolutionary history of proteins. Currently, Pfam 
(Sonnhammer et al., 1997) is among the most popular protein annotation tools.  
 
 

1.3.1. Pfam 

The Pfam database is a collection of protein domain families. A protein domain 
family is a group of evolutionarily-related protein domains. Thus, protein 
domains in a family descended from a common ancestor. The primary use of 
Pfam is to identify and classify domains in protein sequences. In Pfam, each 
domain family is represented by a curated multiple sequence alignment from 
which a profile-HMM is built. (El-Gebali et al., 2019; Sonnhammer et al., 1997) 

Originally Pfam consisted of two parts A and B. Pfam-A was a set of 
manually curated protein domain families with high-quality align- 
ments, whereas Pfam-B contained automatically generated families. As  



 
 

28 

of version 28.0 (released in 2015), Pfam-B is discontinued 
[ftp://ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam28.0/relnotes.txt, 
18.04.2019]. The novelty of Pfam’s approach was that it used two alignments: a 
high-quality seed alignment (non-redundant dataset) and a full alignment. The 
latter is built automatically by aligning all members to a profile-HMM which is 
built from the seed alignment (Sonnhammer et al., 1997). In addition, Pfam 
contains assignments to protein sequences available in the UniProtKB. The 
Universal Protein Resource (UniProt) is a comprehensive resource for protein 
sequence and annotation data. The UniProt Knowledgebase (UniProtKB) is the 
central collection of information on proteins (from amino acid sequence and 
taxonomic data to biological ontologies). The UniProtKB consists of two 
sections: manually-annotated records (UniProtKB/Swiss-Prot) and compu-
tationally analysed (unreviewed) records (UniProtKB/TrEMBL). Proteomes in 
the UniProtKB can include protein sequences from both UniProtKB/Swiss-Prot 
and UniProtKB/TrEMBL sections of the UniProtKB. A proteome in this context 
is a set of protein sequences that can be acquired by translating all protein-
coding genes of a completely sequenced genome. UniProt includes two subsets 
of UniProtKB called “Complete proteomes” and “Reference proteomes”. The 
first contains a full set of protein sequences from completely sequenced and 
annotated genomes [https://www.uniprot.org/keywords/KW-0181, 13.05.2019]. 
The “Reference proteomes” subset is, in turn, a subset of the “Complete pro-
teomes” subset, providing a non-redundant selection of species representing a 
broad coverage of the tree of life  
[https://www.uniprot.org/help/reference_proteome, 13.05.2019]. (The UniProt 
Consortium, 2017) 

Pfam 28.0, which was used in Ref. I, contains a total of 16230 protein do-
main families. About 81% of all proteins in UniProtKB (version 2014_07) 
contain a match to at least one model (sequence coverage)  
[ftp://ftp.ebi.ac.uk/pub/databases/Pfam/releases/Pfam28.0/relnotes.txt, 
18.04.2019]. In the most recent version of Pfam 32.0, there are 17929 protein 
domain families and about 77% of protein sequences in UniProtKB “Reference 
proteomes” (version 2018_04) have at least one match to a Pfam model  
(El-Gebali et al., 2019). 

Pfam database also includes the hierarchical classification of protein families 
into clans. A clan contains more than one Pfam families that are assumed to be 
evolutionarily related. Classification of Pfam families into the same clan is 
ensured by different data: related structure, related function, significant matching 
of the same sequence to HMMs from different families and profile-profile com-
parisons. (Finn et al., 2006). In past years, the scientists behind Pfam are trying 
to ensure that Pfam entries and clan relationships are consistent with structural 
classifications like CATH (Dawson et al., 2017), SCOP (Murzin et al., 1995) 
and ECOD (Cheng et al., 2014). The most common tags for HMM models are 
family (62.3%) and domain (34.9%), comprising over 97.2% of all entries in 
Pfam 32.0 (others are a motif, repeat, coiled-coil or disordered). The type 
domain is usually distinguished from type family by a known structure that indi-
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cates that the entry represents a single globular domain. So, there is experimen-
tal evidence only for 1/3 of protein domain families in Pfam release 32.0 that 
they exist as structural globular entities. (El-Gebali et al., 2019) 
 

1.3.2. Classification of protein domains based on the structure 

The sequence similarity between distant homologs can be so low that the homo-
logy is not detectable by pairwise sequence similarity analysis. For instance, 
sequence similarity among viral capsid proteins may be very low even at short 
evolutionary distances (Abrescia, Bamford, Grimes, & Stuart, 2012; Krupovic 
et al., 2019). Fortunately, the structure of a protein is more conserved than the 
polypeptide sequence (Abroi & Gough, 2011; Balaji & Srinivasan, 2001; Chothia 
& Lesk, 1986; Holm & Sander, 1996; Hubbard & Blundell, 1987; Murzin et al., 
1995; Todd, Orengo, & Thornton, 1999). It has been shown that structural cores 
of protein domains evolve much slower than sequences (Illergård, Ardell, & 
Elofsson, 2009) and active sites of distantly related proteins can have very 
similar geometrics (Chothia & Lesk, 1986). In addition, Challis and Schmidler 
have demonstrated that the inclusion of structural information enables us to 
study deeper phylogenetic relationships that are not attainable with sequence 
evolution models (Challis & Schmidler, 2012). Also, some studies have shown 
that structure-based methods compute more reliable alignments (Carpentier & 
Chomilier, 2019; Rozewicki, Li, Amada, Standley, & Katoh, 2019). Thus, protein 
structure allows us to see even further back in time compared to analysing 
sequence similarity alone (Holm & Sander, 1996).  

Currently, three leading hierarchical classifications of protein domains based 
on the structure are CATH (Class, Architecture, Topology, Homology), ECOD 
(Evolutionary Classification of protein Domains), and SCOP (Structural Classi-
fication of Proteins). These resources provide functional inference for homo-
logous structures and differentiate between homologs and analogs (Cheng et al., 
2014; Dawson et al., 2017; Murzin et al., 1995). All three are widely used in 
analysing protein sequence, structure, function, and evolution.  

In the CATH database, protein domains are hierarchically classified into four 
groups: C, A, T, and H (Dawson et al., 2017). Protein domains are grouped 
together into a single homologous superfamily “H” if there is sufficient evidence 
that they share a clear common ancestor (Ian Sillitoe 2015). However, CATH is 
largely automatic with added manual curation and emphasises more on geo-
metry, while SCOP (Murzin et al., 1995) is mainly manual and focuses on the 
function and evolution (Nasir & Caetano-Anollés, 2015). In the SCOP hier-
archical classification, related protein domains are grouped into Families. The 
Family level is defined as a cluster of proteins having residue identities of 30% 
and greater or whose functions and structures are very similar. Families are 
grouped into Superfamilies (SFs) and SFs into Folds. Finally, Folds with similar 
secondary structure compositions are classified into Classes. However, the 
highest level indicating confident common ancestry is Superfamily level. 
(Murzin et al., 1995). 
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ECOD (Cheng et al., 2014) is distinct from CATH and SCOP as it groups 
domains primarily by evolutionary relationships (homology), rather than poly-
peptide chain topology. ECOD tries to extend distant evolutionary relationships 
beyond the SCOP SF level using different state of the art homology-inference 
algorithms (Cheng et al., 2014). For example, Pfam used ECOD database in 
their pipeline which led to the creation of 825 new families in their latest release 
(El-Gebali et al., 2019). 

Still, SCOP is considered the “gold standard” in the classification of protein 
domains with known structure and provides useful evolutionary information 
(Nasir & Caetano-Anollés, 2015). Since the last version of SCOP (1.75 from 
2009), it has diverged into two variants: SCOP2 (Andreeva, Howorth, Chothia, 
Kulesha, & Murzin, 2014) and SCOPe (Fox, Brenner, & Chandonia, 2014). One 
of the resources that use SCOP classification to build protein domain models is 
the SUPERFAMILY resource (J Gough et al., 2001). It should be noted that the 
name of the resource (SUPERFAMILY) is written with all capital letters, but 
the SCOP hierarchical level (Superfamily) with only the first letter capitalised. 

 
 

1.3.3. SUPERFAMILY 

The SUPERFAMILY resource is a collection of profile-HMMs representing 
SCOP protein domains (J Gough et al., 2001). Protein domain families in 
SUPERFAMILY are classified based on the SCOP hierarchical classification 
(Murzin et al., 1995). The SUPERFAMILY database focuses on the 
Superfamily level (a group of families with common ancestry), but also 
provides Family level annotations (Oates et al., 2015). In the SUPERFAMILY 
HMM library each SCOP SF is represented by one or more profile-HMMs, 
depending on how many sequences are available with less than 95% identity 
with known structure (J Gough et al., 2001). SFs are suitable for deep evolu-
tionary studies (Abroi & Gough, 2011; D. Caetano-Anollés, Kim, Mittenthal, & 
Caetano-Anollés, 2011; G. Caetano-Anollés & Nasir, 2012; Nasir & Caetano-
Anollés, 2015). Also, the structural methodology is robust against many arte-
facts that may occur in sequence-based phylogenetic studies (G. Caetano-
Anollés & Nasir, 2012).  

The procedure of creating a profile-HMM in SUPERFAMILY starts with a 
single sequence seed with a known structure followed by a BLAST search with 
strict criteria. This approach solves the practical problem of accurately aligning 
distantly related sequences for the purpose of generating good HMMs. In 
SUPERFAMILY, the model library is also curated – models that consistently 
give a significant score to sequences that are not homologs (model-building 
errors) were re-run with more restrictive parameters and re-checked until they 
were behaving properly. (J Gough et al., 2001)  

The SUPERFAMILY version 1.75, which was used in Ref. I, is based  
on SCOP 1.75 containing 15 438 families and about 2000 distinct  
protein domain SFs (Oates et al., 2015). About 64% of all proteins in 
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UniProtKB (version 2018_03) contain a match to at least one model 
[http://supfam.org/SUPERFAMILY/cgi-bin/gen_list.cgi?genome=up;listtype=sf 
, 18.04.2019]. The latest version of SUPERFAMILY 2.0 contains 27 623 
HMMs and is based on SCOPe and SCOP2 (Pandurangan, Stahlhacke, Oates, 
Smithers, & Gough, 2019).  

Working with various resources like UniProtKB, SUPERFAMILY or Pfam 
and drawing seemingly genuine conclusions may be erroneous if we do not 
consider different biases and possible annotation errors. For instance, all of the 
previously mentioned resources are affected by the bias in the sequenced 
genomes. Not all taxa and environments (e.g. terrestrial vs marine) are covered 
equally. E.g., viral genomes have been subject to selection bias to medically and 
economically important viruses. Also, often sequence collections are redundant – 
containing multiple copies of one species (isolates). Fortunately, some collec-
tions like UniProt “Reference proteomes” try to solve the problem by providing 
a representative cross-section of the taxonomic diversity. In addition, SUPER-
FAMILY through SCOP and other similar resources are also biased towards 
available structures in Protein Data Bank (Berman et al., 2000). Protein Data 
Bank (PDB) is an archive of structural data of biological macromolecules 
(Berman et al., 2000). For instance, SCOP 1.75 is based on PDB from February 
2009 (http://scop.mrc-lmb.cam.ac.uk/scop/ 20.12.17). Fortunately, protein do-
main structures of papillomaviruses are quite well covered even in the older 
version of PDB used in SCOP 1.75. 

 
 

1.4. Embedded elements in protein-coding sequences  
of viruses 

In order to keep the genome size small, genomes of viruses have a high gene 
density and non-coding regions are usually very small. Therefore, functional 
cis-elements are often embedded in protein-coding genes of viruses. Many 
different non-coding embedded elements have been found in protein-coding 
genes of viruses, like internal promoters, viral packaging signals, transcription 
factor binding sites, microRNAs, splice sites, frameshifting signals, etc. (Firth, 
2014; Grundhoff & Sullivan, 2011; Kim, Firth, Atasheva, Frolova, & Frolov, 
2011). In addition to non-coding overlapping elements, dual-coding regions are 
also common in viruses (Belshaw, Pybus, & Rambaut, 2007; Chirico, Vianelli, 
& Belshaw, 2010; Rancurel, Khosravi, Dunker, Romero, & Karlin, 2009; 
Veeramachaneni, Makałowski, Galdzicki, Sood, & Makałowska, 2004). A dual-
coding region of a protein-coding gene is an area which partially overlaps with 
another protein-coding gene or which fully embeds another gene. For instance, 
in many papillomaviruses, E1^E4 and E8^E2 mRNA are generated via splicing 
by using dual-coding regions. The E4 ORF of the E1^E4 protein is embedded 
inside the E2 gene and the E8 ORF of the E8^E2 is embedded inside the E1 
gene (Van Doorslaer et al., 2013). As the existence of E8 was studied in Ref. II 
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of this thesis, a small overview is given of the E8^E2 protein in the following 
chapter.  

There are several valuable methods available for detecting dual-coding 
regions and other embedded functional elements in protein-coding genes of 
viruses (Firth, 2014; Gog et al., 2007; Mayrose et al., 2013; Sealfon et al., 2015; 
P Simmonds & Smith, 1999). One approach is to measure codon variability. For 
instance, Gog et al. developed a method that calculates mean pairwise distance 
(MDP) of codons in a multiple sequence alignment and uses normalised MDP 
as a proxy for variation. The low normalised MDP score indicated less vari-
ability than expected. However, the method developed by Gog et. al does not 
measure the statistical significance and does not have an available imple-
mentation. The second approach is to use synonymous substitutions rates as a 
proxy for variation. The idea is that in a genetic region encoding an overlapping 
functional element, synonymous substitutions are selectively disfavoured, as 
these are likely to disrupt the embedded element. For instance, A. E. Firth 
developed a tool called SynPlot2 which identifies regions in a protein-coding 
gene where there is a statistically significant reduction in the degree of 
variability of synonymous sites (Firth, 2014). SynPlot2 uses statistical tests and 
is shown to work well with RNA viruses, but is applicable to nearly any coding-
sequence alignment, including DNA viruses, bacteria or eukaryotic protein-
coding sequences (Firth, 2014).  

General methods (e.g. SynPlot2) are ideal for detecting previously unknown 
embedded elements. Often, however, we need to apply very specific criteria to 
pinpoint the location of an embedded element. Therefore, developing programs 
for a single purpose is a necessity in some cases (Ref. II).  

 
 

1.4.1. The E8^E2 protein 

The E2 protein is a major regulator of PV gene transcription and replication 
(Alison A McBride, 2013). The E2 protein can act as a repressor or an activator 
of transcription, depending on the location of the E2 binding sites within the 
enhancer/promoter region (Alison A McBride, 2013). In addition to the full-
length E2, several PVs express an alternatively spliced protein known as E8^E2, 
which is generated by fusing the E8 exon to the splice-acceptor site (3' ss) 
located at the beginning of the hinge region of the E2 gene (Fig. 3). The E8 
coding sequence (CDS) overlaps with the E1 gene. As a result, the E8^E2 
protein consists of an E8 peptide, the E2 hinge region and the E2 DNA binding 
domain (DBD). Thus, E8^E2 is a DNA-binding protein that is able to compete 
with full-length E2 for binding to E2-binding sites and to form heterodimers 
with full-length E2. (Kurg et al., 2009; Kurg, Tekkel, Abroi, & Ustav, 2006; 
A A McBride, Byrne, & Howley, 1989). E8^E2 plays a role in viral gene 
expression and controls the viral genome copy number (Isok-Paas, Männik, 
Ustav, & Ustav, 2015; Kurg, Uusen, Võsa, & Ustav, 2010; Stubenrauch, 
Hummel, Iftner, & Laimins, 2000). Also, the E8 peptide, at least in BPV1, is the 
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shortest known nuclear matrix targeting signal (Sankovski et al., 2015). To date, 
transcripts corresponding to the E8^E2 protein have been described experi-
mentally for 12 PV types – BPV1 (Choe, Vaillancourt, Stenlund, & Botchan, 
1989), HPV11 (Rotenberg, Chow, & Broker, 1989), HPV1 (Palermo-Dilts, 
Broker, & Chow, 1990), HPV16 (Doorbar et al., 1990), HPV33 (Snijders et al., 
1992), HPV31 (Stubenrauch et al., 2000), SfPV (Jeckel, Loetzsch, Huber, 
Stubenrauch, & Iftner, 2003), HPV18 (Kurg et al., 2010), HPV5 (Sankovski, 
Männik, Geimanen, Ustav, & Ustav, 2014), EcPV2 (Ramsauer, 2015), MmuPV1 
(Xue et al., 2017) and MfPV1 (Tombak et al., 2019). As there are very few 
experimentally confirmed E8^E2 transcripts known, it was decided to analyse 
all available E1 protein-coding genes of papillomaviruses to search the existence 
of E8 in these genes (Ref. II). 

 

Figure 3. Early stage protein-coding genes of the human papillomavirus 16 
(HPV16). Numbers indicate a nucleotide position in the HPV16 genome (PaVE 
HPV16REF) (Ref. II). 
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2. AIMS OF THE STUDY 

The aim of this thesis was: 
● To analyse the occurrence of papillomavirus protein domains in other organ-

isms. 
● To detect and analyse E8 dual-coding region in papillomaviruses. 
● To develop a tool for detecting embedded functional elements in protein-

coding sequences of viruses. 
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3. RESULTS AND DISCUSSION 

3.1. Protein domain families found in papillomaviruses 
(Ref. I) 

The main goal of this research (Ref. I) was to study the origin of papilloma-
viruses. It is not an easy task to find evidence for any of the viral origin 
scenarios; however, clues for viral origin most likely emerge from homologous 
relationships or absence of it. Thus, distant homologs were searched for protein 
domain families found in papillomaviruses from cellular organisms and also 
from genomes of other viruses. In the study, two resources were used: Pfam 
28.0 and SUPERFAMILY 1.75. Both of these resources contain thousands of 
profile-HMMs for different protein domain families. However, not all protein-
coding genes have assignments to protein domain families. Fortunately, protein-
coding genes of PVs are almost fully covered with protein domain families 
(Pfam family and Superfamily) found in both resources (Fig. 4).  

Figure 4. Protein-coding genes of BPV1 and respective Pfam and SUPERFAMILY 
protein domain families/Superfamilies. Bovine PV type 1 encodes 9 proteins: onco-
proteins E6, E7 and E5, the viral helicase E1, the helicase-loading factor and transcrip-
tion factor E2, the coat proteins L1 and L2 and the E8^E2 and E1^E4 proteins. (Ref. I)  

 
In Pfam 28.0, there is a total of 12 different protein domain families found in 
protein-coding genes of papillomaviruses (Table 1, Table 2 in Ref. I), collec-
tively named PV_PfamA in Ref. I. Pfam also classifies protein domain families 
into clans. However, the classification level clan was not used, as only the E1 
helicase C-terminal domain (PF00519) is assigned into a clan (CL0023) out of 
all 12 families in Pfam 28.0 (Table 1). About 84% of amino acids of PV pro-
teins are covered (residue coverage) with Pfam HMMs, which is a relatively 
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high number compared to viruses in general, for which the same number is 
~66% (Table 1 in Ref. I). Only two regions are not assigned to Pfam protein 
domain families – the E2 hinge region which also partly contains the E4 and the 
short region between PPV_E1_N and PPV_E1_C (Fig. 4). The hinge region is 
not conserved between different PV genera (Alison A McBride, 2013).  
 
Table 1. Pfam 28.0 protein domain families found in papillomaviruses. 

Accession Identifier Clan 

PF00500 Late_protein_L1  – 

PF00508 PPV_E2_N – 

PF00511 PPV_E2_C – 

PF00513 Late_protein_L2 – 

PF00518 E6 – 

PF00519 PPV_E1_C CL0023 

PF00524 PPV_E1_N – 

PF00527 E7 – 

PF02711 Pap_E4 – 

PF03025 Papilloma_E5 – 

PF05776 Papilloma_E5A – 

PF08135 EPV_E5 – 

 
 
In SUPERFAMILY 1.75, seven Superfamilies(SFs) are assigned to PV protein-
coding sequences, collectively called PV_SFs (Table 2, Table 3. Ref. I). Unlike 
Pfam protein domain families, a Superfamily may consist of multiple protein 
domain families (Table 2). Furthermore, each protein domain family may 
contain multiple profile-HMMs depending on the number of available structures 
and sequence similarity. Nevertheless, the SF hits are collected as a union com-
bining all of the HMM results under a Superfamily (J Gough et al., 2001). If we 
compare available protein domain families/Superfamilies in Pfam 28.0 and 
SUPERFAMILY (SCOP) 1.75, one important difference is that the C-terminal 
domain of the E1 protein in SCOP is divided into two Superfamilies (55464 and 
52540) instead of one family in Pfam (PF00519). In addition, there is no Super-
family for the L2 protein and for the N-terminal region of the E1 protein 
(Fig. 4). Both are also missing from the SUPERFAMILY 2.0 (Pandurangan et 
al., 2019). The reason is very simple – in both cases, there is no protein 
structure available in the PDB database. 

In the SUPERFAMILY 1.75, the average residue coverage of proteins found 
in viruses is about 28%, it is much lower compared to Pfam for which the same 
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number was about 66% (Table 1 in Ref. I). The reason for the low residue 
coverage comes partially from the fact that the existing assignments were based 
on the NCBI viral sequence collection (2014-08-20) which is a non-redundant 
dataset. The residue coverage of proteins found in papillomaviruses is much 
higher, about 58%, but still not comparable with Pfam (84%) (Table 1 in 
Ref. I). Again, the reason is the missing structures for the L2 and N-terminal 
region of the E1 protein.  

In the UniProt viral sequence collection, the average residue and sequence 
coverage of viral proteins is more similar to Pfam – 61% of proteins have at 
least one protein domain assigned to it and about 57% of amino acids are 
covered by protein domain in viruses [http://supfam.org/SUPERFAMILY/cgi-
bin/gen_list.cgi]. 
 
Table 2. SUPERFAMILY 1.75 protein domain Superfamilies found in papilloma-
viruses.  

Superfamily 
accession 

Description Number  
of families 

55464 Origin of replication-binding domain, RBD-like (E1 
DBD) 

5 

52540 
 

P-loop containing nucleoside triphosphate hydrolases (E1 
helicase) 

24 

51332 E2 regulatory, transactivation domain (E2 TAD) 1 

54957 Viral DNA-binding domain (E2 DBD) 1 

88648  Group I dsDNA viruses (L1)  1 

161229  E6 C-terminal domain-like 1 

161234 E7 C-terminal domain-like  1 

 
 

3.1.1. The occurrence of papillomavirus protein domains  
in the biosphere 

Pfam 28.0 and SUPERFAMILY 1.75 resources contain existing assignments to 
many sequences from various sequence collections (the “Complete proteomes” 
subset of UniProtKB, full UniProtKB, NCBI viral genomes, and Ensembl 
genomes). In Ref. I, the first step was to analyse the existing assignments in 
both resources. The second step was to scan up to date sequence collections 
using the HMMER toolkit (Sean R Eddy, 2004; S R Eddy, 1998; Yoon, 2009) 
to detect remote homologs for PV protein domain families. Several criteria were 
used to improve the quality of the results and to reduce the number of false 
positives. First, the evidence for viral contamination was checked by analysing 
the annotation and the size of the cellular contig/scaffold. I.e., if the contig 
contained only genes from a virus (sometimes a whole viral genome) and did 
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not have any adjacent cellular genes, it was considered as viral contamination. 
Second, a reciprocal search was performed by taking the protein-coding sequence 
which got a positive hit to a PV protein domain family (e.g., using hmmsearch) 
and scanning it against all HMM models with hmmscan. Reciprocal search 
should give the best hit to the same exact protein domain family or a Super-
family. Third, LOMETS (Wu and Zhang, 2007) 3D structure prediction meta-
server was used to validate our findings. The potential hit should give the best 
modeling templates from PV structures with at least one non-HMM algorithm 
used in LOMETS (Material and methods in Ref. I). LOMETS generates protein 
structure predictions by ranking and selecting models from multiple state-of-
the-art threading programs. These programs identify structural templates from 
the PDB library. The top templates are ranked and selected (Wu & Zhang, 
2007). LOMETS combined with I-TASSER (‘Zhang-server’) has been one of 
the best structure prediction servers for several years in the CASP challenges 
(Cozzetto et al., 2009; Kryshtafovych et al., 2018). 
 

3.1.1.1. Papillomavirus protein domain homologs according to Pfam 

First, we applied our search criteria to existing HMM assignments of the non-
redundant subset of UniProtKB (UniProtKB “Complete proteomes”). “Com-
plete proteomes” subset of UniProtKB was preferred because of the quality of 
the data and interpretability. The analysis showed that only three potential 
homologs passed our quality checks (Table 2 in Ref. I). PPV_E1_C family 
HMM, which is a helicase (incl. DBD domain), gave one hit in a Dickeya 
dadantii (Bacteria) protein E0SH87_DICD3. PPV_E1_N protein domain family 
was found in two fungi proteins (C4V8V5_NOSCE and R0MJR2_NOSB1) 
from Nosema species. Nosema is a genus of microsporidian parasites. However, 
as there is no structure available for PPV_E1_N, homology could not be con-
firmed with LOMETS. Also, in the newer version of Pfam, release 32.0, the 
Dickeya dadantii protein sequence E0SH87_DICD3 gives a better hit to the 
PF03288 model (Pox_D5, https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan 
on 13.03.2019) Therefore, in all three cases, the homology is questionable. In 
addition, distant homologs from viruses were not detected from the “Complete 
proteomes” subset (Table 2 in Ref. I). Thus, at least from UniProtKB “Complete 
proteomes”, used in Pfam 28.0, we were unable to detect any distant homologs 
to PV protein domains in other organisms (Table 2 in Ref. I).  

Next, existing assignments in the full UniProt were analysed. The primary 
results must be interpreted with caution as the full UniProt may contain more 
misannotations and partial sequences than the “Complete proteomes” subset. In 
general, the results were similar to the “Complete proteomes” subset – only the 
PPV_E1_C and the PPV_E1_N family gave significant hits, which passed our 
criteria (Table 2, Ref. I). PPV_E1_C gave hits to sequences from 20 different 
Bacteria species, mostly from Enterobacteriaceae family and PPV_E1_N gave 
hits from four eukaryotic sequences (three fungi and one Viridiplantae). Other 
PV_PfamA models did not give any significant hits to cellular sequences which 
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passed our quality checks. In viruses, PPV_E1_C gave highly significant hits to 
Polyomaviridae Large-T and Parvoviridae NS1 proteins. This similarity has 
been observed previously, mostly based on shared common helicase motifs 
(Astell, Mol, & Anderson, 1987). Another sequence that also passed our criteria 
was Q91S73_9VIRU, which belongs to the small segment of Planaria asexual 
strain-specific virus-like element type 1. Planarian is a free-living flatworm 
from which extrachromosomal DNA-containing virus-like elements have been 
discovered (Rebrikov, Bulina, Bogdanova, Vagner, & Lukyanov, 2002). The 
similarity to the papillomavirus E1 helicase domain was also reported by the 
authors who discovered the element (Rebrikov et al., 2002).  

Last, as the UniProtKB version in Pfam 28.0 was not up to date, a 
hmmsearch with HMMER toolkit was performed on a newer version of UniProt 
(2017_03). Again, in viruses PPV_E1_C gave highly significant hits to Polyoma-
viridae Large-T and Parvoviridae NS1 proteins and also to the previously 
mentioned Planaria asexual strain-specific virus-like element type 1. However, 
unlike previous results, hmmsearch did not return any positive hits among 
Enterobacteriaceae, only one protein sequence (A0A177Q2P3_9PLAN) from 
bacteria (Planctomycetaceae bacterium) gave true positive hits with PPV_E1_C 
which passed our criteria. 
 

3.1.1.2. Papillomavirus protein domain homologs according  
to SUPERFAMILY 

Results with Pfam models gave us very few and weak connections with cellular 
organisms. In order to find deeper evolutionary connections that are “lost” in 
sequence similarity but are still present in the protein structure, we decided to 
use SUPERFAMILY resource. In our research, we used the assignments at 
Superfamily level, which is the highest level with confident homologous re-
lationships.  

Our analysis of existing assignments showed that out of seven Superfamilies 
(Table 2) only the domains from the E1 protein (E1 DBD and E1 helicase) are 
found in cellular organisms similar to the results obtained with Pfam. The E1 
helicase belongs to the “Extended AAA-ATPase domain” family which in turn 
belongs to the “P-loop containing nucleoside triphosphate hydrolases” Super-
family (SF_52540). As expected, the SF_52540 (helicase domain with P-loop 
NTPase) is present in all cellular organisms as the P-loop NTPase is a very 
widespread domain. The E1 DBD domain belongs to the “Replication initiation 
protein E1” family, which in turn belongs to the “Origin of replication-binding 
domain” Superfamily (SF_55464). The SF_55464 was found in 8 eukaryotes 
(5 fungi, 1 Alveolata, 1 Amoebozoa, and 1 Viridiplantae) and in 134 bacterial 
genomes (Table 3 in Ref. I). Most likely, all these 8 occurrences in eukaryotic 
genomes are relatives to geminiviral Rep protein (Family 82728) not to E1 DBD 
because all assignments are based on HMM 0040363, not on HMMs 0037306 
or 0043184 which are models for replication initiation protein E1 family 
(Supplementary Materials in Ref. I). It can be reasoned that the geminiviral Rep 
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gene ended in their host’s genomes through V2H gene transfer. It has been 
shown that sequences related to the Rep gene of geminiviruses, nanoviruses, 
and circoviruses have been frequently transferred to a broad range of eukaryotic 
species, including plants, fungi, animals, and protists (Liu et al., 2011). All of 
the hits in bacterial genomes are mostly the relaxase domain family, which also 
belongs to SF_55464 Superfamily. The relaxase domain is responsible for site-
specific and strand-specific nicks in double-stranded DNA and plays an 
essential role in the initiation and termination of conjugative DNA transfer (Byrd 
& Matson, 1997). SF_55464 was also found in more than 400 bacterial plasmids 
(again, mostly the model of relaxase domain) including one eukaryotic plasmid 
pPT4-NU with red algal host Pyropia tenera and notably, only in a single 
bacterial virus. Thus, the E1 DBD connects PVs confidently only with bacteria 
and bacterial plasmids. 

Among viruses, SF_52540 and SF_55464 are present in all members of 
Polyomaviridae. In addition, the SF_55464 was found in several viral sequences 
from Parvoviridae, Geminiviridae, in two viruses from Betaherpesvirinae, in 
one member of Circoviridae and Siphoviridae (relaxase domain), and in 
Genomoviridae.   

The extended analysis of the full UniProt sequences (existing assignments 
and hmmsearch against a newer version of the UniProt database) increased the 
number of positive hits of SF_55464 within the bacterial and eukaryotic 
sequences. In addition, potential homologs to E6 (SF_161229), L1 protein 
domain (SF_88648), and E2 DBD (SF_54957) were found in cellular organisms. 
However, according to LOMETS, the sequence containing E6 homolog fits 
equally well into ferredoxin structures making the result questionable. Distant 
homologs of the L1 protein were found in Polyomaviridae and distant homologs 
of the E2 DBD were found in a subset of gammaherpesviruses. 

Evidence has been presented that at least the protein architectures (protein 
domain combinations) rarely evolve by convergent evolution (Julian Gough, 
2005). The E1 protein contains SF_55464:SF_52540 domain pair, from which 
SF_52540 is abundant in nature and the SF_55464 was present in several 
genomes. Therefore, it was decided to search for the presence of the domain 
pair from the rest of the biosphere. The architecture was detected in all polyoma-
viruses (except one incomplete genome), 40% parvoviruses, 4% geminiviruses, 
three members of Genomoviridae, one member of Circoviridae, one member of 
Siphoviridae (Table 4 in Ref. I). The domain pair was found in some eukaryotes, 
bacterial plasmids and in more than 100 bacterial species. It should be noted 
that often bacterial chromosome and plasmid are not discriminated in the data-
bases. Nevertheless, most of the plasmids containing the SF_55464 also had 
SF_52540 assigned. Thus, at least according to SUPERFAMILY, the PV repli-
cation protein E1 is confidently evolutionarily connected with Polyomaviridae, 
Parvoviridae, conjugative plasmids, and probably to bacteria. 

In conclusion, domains from the E1 protein, the major capsid protein L1 and 
the E2 DBD show confident deeper evolutionary connections to other viruses. 
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However, in cellular organisms and bacterial plasmids, only homologs of the E1 
protein were found. 
 
 

3.1.2. The origin of papillomaviruses 

The major capsid protein L1, E2 DBD and both domains from E1 had distant 
homologs in the rest of the biosphere. Out of these, only domains from the E1 
replication protein had homologs in cellular organisms (Fig. 4 in Ref. I). How-
ever, the presence of SF_52540 (P-loop NTPase) in cellular proteins is non-
informative as it is a very widespread domain. Thus, the informative connec-
tions to eukaryotic proteins are almost non-existent. 

PVs are clearly related to Polyomaviridae, sharing structural homologs of 
capsid protein L1 and two domains of replication protein E1 at SCOP Super-
family level (Fig. 5 in Ref. I). Both viral families have dsDNA viral genomes 
packed into nucleosomes inside the viral particle. In addition, members of 
Parvoviridae (ssDNA viruses) share two replication related domains and, 
including extended structural similarity, also the capsid protein with PVs and 
with Polyomaviridae. The extended structural similarity comes from the fact 
that the PV L1, the Polyomaviridae VP1, Parvoviridae VP2 belong into the 
same Fold level (single jelly-roll) in SCOP. The Fold level in SCOP joins 
Superfamilies into a common fold if their proteins have the same major 
secondary structures (α-helices and β-strands) in the same arrangement with the 
same topological connections (Murzin et al., 1995). The Fold level does not 
guarantee a common ancestor; however, it does not rule it out either. Most 
likely, the last common ancestor of Papillomaviridae, Polyomaviridae, and 
Parvoviridae inhabited a marine environment. However, only very few marine 
eukaryotic organisms outside fungi and vertebrates are sequenced. Thus, most 
likely, we have an unexplored sequence and structure space in both cellular and 
viral taxa, as well as in other types of mobile elements in marine environments, 
which could reveal more information about the origin of PVs.  

The E2 DBD domain connects PVs to members of genus Lymphocrypto-
virus, which belongs to the Gammaherpesvirinae subfamily. E2 DBD func-
tional and structural homologs are shown to be present also in Rhadinovirus 
genus, which also belongs to the Gammaherpesvirinae subfamily (Correia et al., 
2013; Domsic, Chen, Lu, Marmorstein, & Lieberman, 2013; Hellert et al., 
2013). Therefore, it can be reasoned that the ancestor of the Gammaherpes-
virinae subfamily may have had the E2 DBD “relative” in its genome. So, is the 
origin of the E2 DBD in ancestors of gammaherpesviruses? 

Herpesviruses (HVs) are a group of DNA viruses which have been exten-
sively studied. The order Herpesvirales includes three families: Malacoherpes-
viridae (viruses of Molluscs), Alloherpesviridae (viruses of amphibians and 
fish), and Herpesviridae (viruses of reptiles, birds, and mammals) (Grose, 2012). 
Herpesviridae consists of three subfamilies (the Alpha-, Beta-, and Gamma-
herpesvirinae), which are all related and have a common ancestor. It has been 
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estimated that the common ancestor of Herpesviridae family existed at least 400 
million years ago (McGeoch & Gatherer, 2005). Betaherpesvirinae and Gamma-
herpesvirinae diverged about 350 MYA (McGeoch & Gatherer, 2005). How-
ever, the ancestor of PVs have been estimated to exist at least 400 MYA con-
taining at least four core genes (E1-E2-L1-L2) (Van Doorslaer, Ruoppolo, et al., 
2017; Willemsen & Bravo, 2019). Therefore, it can be reasoned that PV E2 
DBD does not originate from gammaherpesviruses.  

Our research in Ref. I showed that the majority of protein domains in PVs 
did not have homologs in cellular genomes. In general, there are three explana-
tions for missing homologs in genomes of cellular organisms in addition to 
virus-first hypothesis:  
• The absence of genomes from databases containing the homologs. 
• The gene has been lost from all current cellular species.  
• Primordial cellular lineages that contained the homologs are now extinct.  
 
In addition, de novo gene generation in viruses can also be one explanation for 
missing homologs in cellular organisms. One of the mechanisms how de novo 
genes can emerge in viruses is called overprinting – mutations lead to a new 
protein-coding gene by overlapping an ancestral gene (Rancurel et al., 2009; 
Sabath et al., 2012). Detecting these overlapping genes and other functional 
embedded elements calls for a specialised method. In the ref. II, we studied the 
presence of E8 inside the E1 gene of papillomaviruses and developed a method 
to detect overlapping genes and other embedded elements in viruses. 
 

3.2. The conservation of the E8 CDS in the E1 gene  
of papillomaviruses (Ref. II) 

At the time of writing of Ref. II, the E8^E2 was annotated and mRNA experi-
mentally confirmed only in nine PVs and our goal was to examine the preva-
lence of E8 in other PVs. Fortunately, the distribution of these nine PVs was 
phylogenetically sparse, which gave us a good base for building an algorithm. 
We used multiple parameters, inferred from existing data, to detect E8 in PV 
genomes (Methods in Ref. II). These parameters included restriction to E8 
length, E8 location inside the E1 gene and a consensus sequence for splicing 
donor site (5’ ss). However, the restrictions were not very strict. The only strict 
restriction used in the model was that the length of the E8 CDS divided by three 
must produce a residual of two. The restriction was needed to keep the E2 
reading frame as the E1^E4 and E8^E2 use the same splicing acceptor site 
inside the E2 hinge region. 

We predicted putative E8 in 308 papillomavirus genomes out of 318 
analysed PV genomes (Fig. 5, Fig. 2 in Ref. II and Table 2 in Ref. II). The 
average length of predicted putative E8 sequences was 34 bp and the average 
distance from the E1 initiation codon was 376 bp, which matches initial data 
well (Supplementary Table S1 in Ref. II).  
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Figure 5. Predicted putative E8 in an E1-based phylogenetic tree. The blue squares 
represent PVs in which the E8^E2 mRNA sequence has been experimentally confirmed. 
Arrows are pointing to PVs (MmuPV1, MfPV1, EcPV2) in which E8 was experimen-
tally confirmed after the Ref. II was published. Green arcs of the circle represent PVs in 
which a potential E8 CDS was detected. Red sections represent E8-deficient PV types, 
and yellow squares represent PVs in which a predicted E8 CDS was questionable. 
Orange arcs show PVs that encode E1 ^ E4 (based on the PaVE database). Each 
coloured full clade (sector) represents a group of PVs with similar putative E8 peptide 
sequences. The E1 protein alignment was performed with muscle v3.8.31 (default 
settings, -refine option). The analysis involved 318 E1 amino acid sequences. Evolu-
tionary analyses were conducted in MEGA6 (Tamura, Stecher, Peterson, Filipski, & 
Kumar, 2013) (maximum likelihood method, bootstrap 100). The tree was visualised in 
iTOL (Letunic & Bork, 2007) and is available at  
http://itol.embl.de/tree/193401210654614521505680 (Ref. II) 
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Another property observed among predicted E8 sequences was that in only very 
few cases the splicing donor site diverged from AG|GTA (Table 2 in Ref. II). In 
addition, all predicted E8 sequences were in the +1 reading frame with respect 
to E1 (E1 is considered 0 frame). In the initial dataset of 9 PVs, the E8 CDSs 
were also in the +1 reading frame. Also, the E1 alignment showed that all 
predicted E8 sequences were coded in the same region (Fig. S10 in 
Supplementary material in Ref. II). The observation that all experimentally 
confirmed and our predicted putative E8 sequences located in the +1 reading 
frame with respect to E1 and all of these were coded in the same region indicate 
homologous nature of E8. 

The E8 was not detected in a total of 10 PV genomes – the greater horseshoe 
bat PV 1 (Rhinolophus ferrumequinum PV 1, RfPV1), the straw-coloured fruit bat 
PV 1(Eidolon helvum PV 1, EhPV1 aka EhelPV1), North American porcupine 
PV 1 (Erethizon dorsatum PV 1, EdPV1), human papillomavirus type 41 
(HPV41), and in six sauropsids’ PVs. These sauropsids’ PVs form a mono-
phyletic clade in a phylogenetic tree of the E1 protein sequence (Fig. 5, Fig. 2 in 
Ref. II). A putative E8 CDS was detected in the Northern fulmar papillomavirus 
1 (Fulmarus glacialis PV 1, FgPV1) which also belongs to Sauropsida taxo-
nomic group. However, it is probably a false positive as FgPV1 does not have 
an annotated E1^E4 splice site (similarly to other sauropsids’ PVs in that clade) 
and predicted E8 peptide is different from others. The fact that these E8-defi-
cient PVs infect Sauropsida, which is a much older taxonomic clade than 
Mammalia, suggest that E8^E2 emerged later in papillomavirus evolution. This 
is also confirmed by the fact that PVs recovered from the fish (Sparus aurata 
PV 1 (SaPV1) and GenBank accessions: MH510267, MH616908, MH617143, 
MH617579) do not have an annotated E4 ORF (López-Bueno et al., 2016; 
Willemsen & Bravo, 2019) and our algorithm did not detect E8 CDS in the E1 
protein-coding genes of these PVs (data not published). 

In several cases, our predictions have been confirmed experimentally by 
other scientists giving credibility to our predictions. For instance, the existence 
of an mRNA capable of producing E8^E2 has been experimentally confirmed in 
a mouse PV (Mus musculus PV type 1, MmuPV1) from Pipapillomavirus genus 
(Xue et al., 2017), in a macaque PV (Macaca fascicularis PV type 1, MfPV1) 
from Betapapillomavirus genus (Tombak et al., 2019) and in a horse PV (Equus 
caballus PV type 2, EcPV2) from Dyoiotapapillomavirus genus (Ramsauer, 
2015). In all cases, the location of the E8 was the same as we predicted (Sup-
plementary Table S1 in Ref. II).  
 
 

3.2.1. Distinct E8 groups 

The analysis of E8 peptide sequences allowed us to divide them into three 
distinct groups (Fig. 5 in Ref. II). The smallest group contained only PV types 
isolated from species of the infraorder Cetacea. A slightly bigger group contained 
PVs mainly from Alphapapillomavirus genus. The third, largest group (light 
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green sector of Fig. 5 and Fig. 2 in Ref. II) is likely the most ancestral and is 
about 150 millions of years old according to the divergence of PV genera within 
the group (Shah, Doorbar, & Goldstein, 2010).  

Analysis of the embedded functional elements like the previously mentioned 
E8 can give us more information about the evolutionary relationship between 
species inside a family. Therefore, correct annotation and detection of these 
“hidden” elements is a crucial task to fully understand the evolution of viral 
species. Also, it is important that all of the findings from a research end up in 
databases used by other scientists. Our results in Ref. II contributed to the E8 
annotations update in the papillomavirus episteme (PaVE) database (Van 
Doorslaer, Li, et al., 2017).  

 
 

3.3. Identifying embedded elements in protein-coding  
sequences of viruses (Ref. III) 

A protein-coding sequence of a virus may contain various functional embedded 
elements that play an important role in gene expression and/or in replication. 
Therefore, it is crucial to detect these elements in viruses to fully understand the 
molecular biology of an organism. However, these elements can go unnoticed 
and may be missing from genome annotations like the case with the E8 (Van 
Doorslaer, Li, et al., 2017). Fortunately, the “comparative analysis” of sequences, 
produced by the widespread use of second-generation sequencing, allow us to 
detect these elusive cis-elements. In Ref. III of this thesis, we set out to develop 
a web tool called cRegions, which is capable of detecting embedded elements at 
single nucleotide resolution in protein-coding sequences of DNA and RNA 
viruses. 
 
 

3.3.1. Developing cRegions 

The idea behind cRegions is to compare expected nucleotide proportions to 
observed nucleotide frequencies at each position in a codon alignment. cRegions 
uses PAL2NAL (Suyama, Torrents, & Bork, 2006) to convert a protein MSA 
into a codon alignment, allowing researchers to use all available protein 
alignment tools which do not support generating codon alignments directly. The 
result of this setup is that cRegions requires two inputs: an MSA of protein 
sequences and their respective coding sequences. 

The first step is to calculate the expected nucleotide proportions for each 
position in the codon alignment. The expected values are based on observed 
amino acid frequencies and preferred codon usage (Fig. 6, Supplementary 
Materials Fig. S1 in Ref. III and Supplementary Materials Fig. S2 in Ref. III). 
Incorporating codon usage bias of the same set of protein-coding sequences into 
a model is reasonable. For instance, it has been shown that viral proteins origi-
nated de novo by overprinting can be identified by codon usage (Pavesi et al., 
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2013). There are also other aspects which are discussed in Ref. III. The only 
drawback is that the codon usage estimation may be affected by the presence of 
long dual-coding areas. Also, it is impossible to assess conservation at the 
nucleic acid level if an amino acid is encoded by a single codon (e.g. methionine 
and tryptophan). Acquired codon usage bias is adjusted using the Henikoff 
position-based sequence weights (Supplementary Materials Fig. S1 and S2 in 
Ref. III). cRegions web tool also provides results with uniform codon usage (all 
codons of an amino acid have equal expected proportions). 
 

Figure 6. Calculating expected values for single codon in an E1 MSA with 
cRegions. (a) First, an MSA is generated from the E1 protein sequences. Two different 
amino acids (valine V and glutamic acid E) are observed in a position highlighted with a 
black box. Valine is encoded by four codons, and glutamic acid is encoded by two 
codons (standard codon table). The table in the centre shows the preferred codon usage 
in E1 genes. Codon usage is calculated from the same set of sequences analysed with 
cRegion. (b) Second, the expected nucleotide proportions are calculated for each codon 
position in the MSA based on observed amino acid frequencies and preferred codon 
usage. (Ref. II) 
 
 
Next, observed nucleotide frequencies are compared with the expected values. 
cRegions calculates three different metrics: chi-square goodness of fit test (1), 
root-mean-square deviation (RMSD) (2) and maximum difference (MAXDIF) 
(3). The chi-square goodness of fit test evaluates whether the observed distri-
bution of nucleotides is significantly different from the expected distribution. 
RMSD measures the root mean difference of expected and observed nucleotide 
proportion. It is frequently used to measure differences between predicted and 
observed values. MAXDIF selects only one nucleotide from each position that 
has the highest absolute difference between predicted and observed values. Out 
of all these, the chi-square goodness of fit test allows us to assess the signi-
ficance. The method chisq.test (1) from R was used to acquire p-values for each 
position in the codon alignment. The metric displayed on cRegions graphs is the 
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negative logarithm of the p-value. As the chi-square goodness of fit test is 
applied on all positions in the codon alignment (or on one-third in the sliding 
window mode), multiple testing correction is needed. cRegions uses Bonferroni 
correction (marked with a red horizontal line in Fig. 7).  
 ܿℎ݅ݍݏ. ,௢௕௦ܣ )ܿ)ݐݏ݁ݐ ,௢௕௦ܥ ,௢௕௦ܩ ௢ܶ௕௦), ݌ = ,௘௫௣ܣ)ܿ ,௘௫௣ܥ ,௘௫௣ܩ ௘ܶ௫௣ )) (1)

* The subscript “obs” indicates observed frequencies; the subscript “exp” indicates 
expected proportions. 
ܦܵܯܴ  = ඨ14 ௢௕௦ܣ)] − ௘௫௣)ଶܣ + ௢௕௦ܥ) − ௘௫௣)ଶܥ + ௢௕௦ܩ) − ௘௫௣)ଶܩ + ( ௢ܶ௕௦ − ௘ܶ௫௣)ଶ] (2)

= ܨܫܦܺܣܯ  ௢௕௦ܣ|)ݔܽ݉  − ,|௘௫௣ܣ ௢௕௦ܥ| − ,|௘௫௣ܥ ௢௕௦ܩ) − ,|௘௫௣ܩ | ௢ܶ௕௦ − ௘ܶ௫௣|) (3) 

* The subscript “obs” and “exp” indicates observed and expected nucleotide proportions 
respectively.  
 
Multiple sequence alignments often contain gaps due to deletions or insertions 
in sequences. By default, cRegions calculates the metric values only for posi-
tions in the codon alignment that do not contain more than 20% of gaps. The 
relatively high threshold is applied in order to guarantee better estimations for 
expected values. However, the Allowed Gaps parameter can be changed by the 
user. In the sliding window mode, multiple consecutive positions are combined 
to produce one metric value. In the case of RMSD and MAXDIF, arithmetic 
mean is calculated. The p-value in the chi-square goodness of fit test is acquired 
by joining observed and expected values from consecutive positions. By 
default, if a column in the codon alignment has over 90% of gaps (i.e., there is 
an insertion in very few sequences) then this position is skipped and the next is 
included to the current window. Skipping can happen several times in a row. 
The threshold can be changed through the Skip Gaps parameter. 
 
 

3.3.2. Performance of cRegions 

The first version of cRegions (without Henikoff position-based sequence weights) 
was applied to the E1 gene of papillomaviruses (Fig. 4 in Ref. I and Supple-
mentary Fig. S4–S8 in Ref. I). As we used a non-redundant set of sequences, 
the effect of weighting would have been negligible. In all PV genera, our 
method was able to detect E1^E4 splicing donor site, a conserved region first 
described by Campione-Piccardo (Campione-Piccardo, Montpetit, Grégoire, & 
Arella, 1991), the E8 CDS, and an E1–E2 overlap. The conserved region 
described by Campione-Piccardo turned out to be an E8 promoter in HPV16 
and 18 (Straub, Fertey, Dreer, Iftner, & Stubenrauch, 2015).  

In addition to these common signals, we were able to detect a Deltapapilloma-
viruses-specific signal before the E1–E2 overlap (Fig. 7, Supplementary Fig. S5 
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in Ref. III). To our best knowledge, it corresponds to the P2443 promoter in 
BPV1 (Hermonat, Spalholz, & Howley, 1988) and a fifth unknown signal in 
Gammapapillomaviruses after the E1 splicing site (Supplementary Fig. S6 in 
Ref. III). All the analyses were compared to the SynPlot2 (Firth, 2014) which 
gave identical results (Fig. 4 in Ref. II and Supplementary Fig. S4–S8 in Ref. 
II). 

cRegions was also applied to two different protein-coding genes of Alpha-
viruses. Alphaviruses are positive-sense single-stranded RNA viruses. We ana-
lysed the non-structural and structural polyproteins (Fig. 1 in Ref. III and Fig. 2 
in Ref. III). In the non-structural polyprotein, we successfully detected a wide 
variety of functional elements known in Alphaviruses, including packaging 
signals in both subgroups and the subgenomic promoter. In the structural poly-
protein, our method detected a known frameshift signal (Fig. 2 in Ref. III). 
Again, all the results were compared and confirmed with SynPlot2 which gave 
identical results (Supplementary Fig. S4–S7 in Ref. III). 

Figure 7. Embedded functional elements in the E1 gene of Deltapapillomaviruses. 

17 E1 protein sequences were downloaded from PaVE database. Protein sequences were 
aligned with MAFFT v7.397 using default settings. The results from the chi-square 
goodness of fit test are displayed using window size 1. 
 
 

3.3.3. Prerequisites of cRegions 

The most important requirement of cRegions is that the codon alignment must 
be based on a non-redundant set of diverged sequences. It is crucial because 
non-diverged sequences do not contain enough information and may produce 
false positive signals. Henikoff position-based sequence weighting reduces 
potential false positives only if small subset of sequences in a codon alignment 
is similar (Supplementary Fig. S1and S2 in Ref. III). Further, the quality of the 
codon alignment is also important. Incorrect alignment of an embedded element 
may make it undetectable. Another critical requirement for detection of an 



 
 

49 

embedded element is that it must have been under selection. Furthermore, this 
element has to be conserved with respect to amino acid sequences.  

Still, cRegions can be a valuable tool for a bioinformatician in the field of 
virology as it is capable of detecting many different non-coding and coding 
elements in protein-coding genes of viruses. We have shown that cRegions is 
able to detect: dual-coding regions, splicing sites, internal promoters, packaging 
signals, and frameshift signals. 
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CONCLUSION 

Viruses harbour enormous genetic and biological diversity and are the most 
abundant biological entities on Earth. However, the exact origin of viruses is 
still unknown. Three classic scenarios exist: the virus-first hypothesis, the 
reduction hypothesis, and the escape hypothesis. The last two have one important 
implication – most of the genes found in viruses should have their distant homo-
logs in cellular genomes. The occurrence of viral protein domains in cellular 
organisms may give us information about the origin of viruses. In the current 
thesis, papillomaviruses (PVs) were used as an example to study the potential 
origin of a viral family. 

We found that PVs have very weak connections to cellular proteins, as only 
domains from the E1 replication protein had homologs in cellular organisms. 
However, our study showed that the PVs are clearly evolutionarily related to the 
Polyomaviridae and possibly to Parvoviridae family. Polyomaviruses shared 
structural homologs of capsid protein L1 and two domains of replication protein 
E1 at SCOP Superfamily level. Members of Parvoviridae (ssDNA viruses) 
shared two replication related domains and, including the extended structural 
similarity, also the capsid protein with PVs and with Polyomaviridae. 

In addition, the presence of embedded E8 ORF inside E1 gene of papilloma-
viruses was studied. The E8 was detected in almost all PV E1 genes, except 
PVs infecting Sauropsida and fish. These hosts are evolutionarily older than 
mammalian species, confirming that the E8 emerged after the divergence of the 
mammalian ancestor. 

In the current thesis, a web tool called cRegions was developed for detecting 
functional embedded elements in protein-coding genes of viruses. We have 
shown that cRegions is capable of detecting dual-coding regions like E8 and 
other elements: splicing sites, internal promoters, packaging signals and 
frameshift signals in protein-coding sequences of DNA and RNA viruses.  
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SUMMARY IN ESTONIAN 

„Papilloomiviirustes esinevate valkude päritolu” 

Viirused on parasiitse eluviisiga bioloogilised objektid, mis kasutavad peremees-
raku ressursse endi paljundamiseks. Viiruseid võib leida kõikidest biotoopidest 
ning nende arvukus on enamikes biotoopides suurusjärgu võrra suurem kui 
prokarüootsetel rakkudel. Viirused on võimelised nakatama organisme kõigist 
kolmest eluslooduse domeenist: arhedest, bakteritest ja eukarüootidest. Lisaks 
on viirused ka geneetiliselt ja bioloogiliselt väga mitmekesised – nende genoom 
võib olla RNA või DNA, ühe- või kaheahelaline, lineaarne või tsirkulaarne ja 
nad kasutavad väga palju erinevaid strateegiaid endi paljundamiseks. Samas on 
mitmed metagenoomide analüüsid näidanud, et väga suur osa viiruste mitme-
kesisusest on siiski veel teadmata ja uurimata.  

Erinevalt rakulistest organismidest puuduvad usaldusväärsed tõendid viiruste 
monofüleetilisuse kohta ja nende täpne päritolu on tänini ebaselge. Eksisteerib 
kolm klassikalist versiooni, kuidas viiruseid võisid tekkida: „viirused esmalt“ 
hüpotees, „reduktsiooni” hüpotees ja „põgenemise“ hüpotees. „Viirused esmalt“ 
hüpotees väidab, et viirused tekkisid enne, kui ilmusid esimesed rakud. Antud 
hüpoteesi toetab mitmekesiste replikatsioonimehhanismide olemasolu viirustes. 
Vastuväiteks on argument, et kuna kõik tänapäevased viirused vajavad paljune-
miseks peremeesrakku, siis viiruste eksisteerimine enne rakke näib ebatõe-
näoline. „Reduktsiooni“ hüpoteesi järgi on viirused kunagi elanud parasiitsete 
rakuliste organismide järeltulijad. Seda hüpoteesi pakutakse tihti suurte kahe-
ahelalise DNA genoomiga viiruste tekkemehhanismiks. „Põgenemise” hüpotees 
väidab, et viirused tekkisid DNA või RNA järjestustest, mis saavutasid osaliselt 
autonoomse paljunemise ja omandasid võime rakust väljuda ning teise rakku 
siseneda. Viimased kaks hüpoteesi loovad eelduse, et paljud tänapäeva viirustes 
esinevad geenid võivad omada ühist päritolu mõnede rakulistes organismides 
leiduvate geenidega.  

Antud doktoritöös keskenduti papilloomiviiruse (PV) sugukonna päritolu 
uuringutele. PV-d on võimelised nakatama mitmesuguseid imetajaid, sealhulgas 
ka mereimetajaid, linde, roomajaid ja ka kalu. Kõrge riskiga inimese PV-d on 
vastutavad peaaegu kõigi emakakaelavähi juhtude eest ning on ka paljude teiste 
kasvajate tekitajad. Tänapäeval on teada üle 400 erineva PV tüübi, sealhulgas 
~200 inimese PV-st. Tüüpiline PV genoom kodeerib kaheksat valku (E1, E2, 
L1, L2, E6, E7, E8^E2, E1^E4). Eelpool nimetatud valkude homoloogide 
tuvastamine rakulistes organismides võib anda meile informatsiooni PV päritolu 
kohta.  

Järjestuste paariviisiline võrdlemine (nagu BLAST) on olnud klassikaline 
meetod homoloogide tuvastamiseks, kuid see toimib hästi ainult valgu järjes-
tustega, millede identsus on suurem kui 30%. Suure mutatsioonikiiruse tõttu 
viirustes võib homoloogsete järjestuste tuvastamine olla keeruline. Varjatud 
Markovi mudelid (HMM) kombineerituna struktuurse infoga annavad meile 
siiski võimaluse tuvastada ka kaugemaid homolooge. Struktuurse info 



 
 

52 

kasutamine on väga oluline, sest valgu struktuur on ajas püsivam kui valgu 
aminohappeline järjestus. 

Töö käigus analüüsiti mitmeid erinevad järjestuste andmebaase tuvastamaks 
papilloomiviirustes leiduvate valgudomeenide homolooge teistest organismides. 
Analüüsi käigus leiti rakulistest organismidest ja plasmiididest homolooge vaid 
papilloomiviiruse replikatsioonivalgule E1, jättes papilloomiviiruste päritolu 
siiski veel ebaselgeks. Samas näitasid meie tulemused, et papilloomiviirused on 
evolutsiooniliselt suguluses polüoomiviiruste, aga ka parvoviiruste sugu-
konnaga. Seosele viitasid nii L1 kapsiidivalk kui ka mõlemad domeenid E1 
valgust.  

Enamikule PV valkudele ei suudetud homolooge tuvastada. Nende puudu-
misel võib olla mitmeid põhjuseid lisaks „viirused esmalt“ hüpoteesile. Esiteks, 
andmebaasid sisaldavad ainult sekveneeritud genoome ning PV geenide homo-
looge omavaid organisme pole veel sekveneeritud. Teiseks põhjuseks võib olla 
geenide kadumine (gene loss) ehk antud geenid on kõigist tänapäeval eksis-
teerivatest organismidest kadunud. Kolmandaks, antud liigid, kust viirused päri-
nesid, on välja surnud. Homoloogide puudumise organismidest võib põhjustada 
ka de novo geenide tekkimine viirustes. Üheks mehhanismiks, kuidas de novo 
geenid tekivad, on topeltkodeerimine (overprinting). Selle protsessi käigus tekib 
mutatsioonide tõttu uus lugemisraam teise, eelnevalt eksisteerinud geeni, sisse. 
Mitmed tööd on eksperimentaalselt näidanud, et ka osade papilloomiviiruste E1 
geen sisaldab ülekattuvat ehk topeltkodeerivat lugemisraami nimega E8. Töös 
analüüsiti üle 300 PV genoomi eesmärgiga tuvastada E8 lugemisraam nendes 
genoomides. E8 tuvastati peaaegu kõigis PV genoomides, välja arvatud PV-des, 
mis nakatavad roomajaid, linde ja kalu. Antud peremeesorganismid on evolut-
siooniliselt vanemad kui imetajad, seega tekkis E8 imetajate PV-des, pärast 
imetajate lahknemist teistest selgroogsetest. 

Eelpool nimetatud topeltkodeeriva lugemisraami, aga ka paljude teiste geeni-
siseste funktsionaalsete elementide tuvastamine nõuab spetsiifilisi lahendusi. 
Antud doktoritöö käigus loodi veebitööriist nimega cRegions  
[http://bioinfo.ut.ee/cRegions/], mis on võimeline tuvastama topeltkodeerivaid 
lugemisraame viiruslikest geenidest. Lisaks ülekattuvatele lugemisraamidele 
suudab cRegions tuvastada ka teisi elemente viiruste genoomides, näiteks 
splaiss-saidid, kapsiidi pakkimise signaalid, subgenoomsed promootorid ja 
raaminihke signaalid. cRegions, aga ka teised sarnased tööriistad on olulised 
viiruslike järjestuste uurimisel in silico, mille tulemusi saab rakendada hilise-
mates eksperimentaalsetes analüüsides.   
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