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Chapter 6

PREFACE

Historically, viruses were discovered and characterized experimentally. The advent of
nucleic acid sequencing opened up a new way of studying viruses — comparative genomics
— allowing to characterize viruses based on their genome sequences, often using results of
experimental research on related viruses. In this thesis, we used comparative genomics
techniques to characterize various aspects of nidovirus biology and evolution (chapters 2-
4), while we also developed a method facilitating homology detection and annotation of
large and highly divergent polyproteins (chapter 5).

Since 2014, when the project described in this thesis started, the importance of
comparative genomics in nidovirus characterization has greatly increased together with
the rate of nidovirus discovery. The number of nidovirus species recognized by ICTV has
almost quadrupled, increasing from 31 in 2014 to 88 in 2017 [1, 2] and to 109 proposed in
2019 (Fig. 1) [3-6]. The reasons behind this explosive growth, observed for other groups of
RNA viruses as well, are advancement of NGS technologies, and consequent
transformation of metatranscriptome sequencing into a widely-used laboratory
technigue. Metatranscriptomics allows to screen a broad range of hosts for the presence
of RNA viruses with high efficiency. For example, a single metatranscriptomics study
conducted by Shi et al. in 2016 identified 1,445 novel phylogenetically distinct RNA virus
genomes [7] that almost doubled the number of RNA virus species known at the time. Six
genomes discovered in that study were later recognized by ICTV as prototypes of novel,
divergent nidovirus species [2, 8].

The number of nidoviruses discovered in the past five years far exceeds the number of
nidoviruses that were ever propagated in cell culture and characterized experimentally. As
the rate with which new nidoviruses are discovered is increasing, so does the cost and
complexity of the experiments required to characterize all of them experimentally. It
makes laboratory research on all the newly discovered nidoviruses infeasible. Instead,
comparative genomics is used to provide a connection between numerous nidoviruses
discovered based solely on NGS data, and a few nidoviruses that are subject to
comprehensive experimental characterization. Comparative genomics identifies
homologous regions of genomes and proteins, allowing to transfer functional annotation
from experimentally characterized viruses and hosts to newly discovered virus genomes.

Characterization by comparative genomics can be facilitated by reliable classification of
viruses, as taxonomic assignment itself may offer clues about the biology of a newly
discovered virus, as well as help to design comparative genomics experiments.
Accommodating the known diversity of RNA viruses requires building a multilevel
hierarchical classification while dealing with large evolutionary distances. The DEmARC
software package that was developed in our group [9, 10] allows to build such
classification. Following its publication in 2012, the package was advanced by our group to
include a greater choice (1) of methods used to calculate genetic distances between
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viruses, and (2) of linkage types used in hierarchical clustering; (3) to implement sequence
weights reducing the impact of virus sampling bias; (4) to propose an alternative approach
of identifying classification levels; (5) to visualize various aspects of the obtained
classification; (6) to provide the user with an in-package tutorial on DEmARC usage. Over
the past few years, our group was involved in producing DEmARC-based multilevel
classifications of the newly described nidoviruses that ICTV Study Groups on nidoviruses
used as the basis for taxonomy proposals [3-6, 11-17]. ICTV approved the first seven of
these proposals, including the one delineating four new invertebrate nidovirus families
(Medioni-, Euroni-, Abysso- and Mononiviridae) [1, 2], and is currently considering the four
latest proposals, including a proposal delineating five new vertebrate nidovirus families
(Olifo-, Gresna-, Cremega-, Nanhypo- and Nanghoshaviridae) [3]. On a phylogenetic tree,
all four novel invertebrate families cluster with invertebrate nidoviruses that were known
before, while novel vertebrate families are basal to Arteriviridae (Fig. 1). Also the
subfamilies Coronavirinae and Torovirinae were elevated to the rank of families,
Coronaviridae and Tobaniviridae, respectively, and include now many more species [2].

Comparative genomics analysis of nidoviruses is challenging since, due to the high
mutation rate, many novel nidoviruses are highly divergent. One manifestation of
nidovirus divergence is the ever-expanding nidovirus host range (Fig. 1) that now includes
many exotic animals: from a marsupial mammal [18] to mollusks [7, 19, 20], an
urochordate [21] and a flatworm (chapter 4). The complexity of the analysis is further
compounded by the organization of the nidovirus proteome, which is dominated by large
multidomain polyproteins. When a polyprotein sequence is compared to a database of
known protein sequences or profiles, distant homologous relationships may remain
undetected due to the underestimation of statistical significance of hits by standard tools,
designed to annotate smaller proteins with few domains. To address this complication,
our group developed a tool, called LAMPA, that gradually splits the polyprotein sequence
into smaller queries in a biologically reasonable manner, improving estimation of hit
statistical significance (chapter 5). For comparison of the delineated queries with
databases, LAMPA employs HH-suite, one of the most sensitive software packages for
protein homology detection [22, 23].

Usage of state-of-the-art comparative genomics tools was essential for the
characterization of three different aspects of the growing nidovirus diversity, described in
this thesis: identification of a novel replicative domain universally conserved in all
nidoviruses (chapter 3), analysis of domain organization and evolution of arterivirus non-
structural polyprotein N-terminus that encompassed multiple newly recognized species,
including the most divergent WPDV, the genome sequencing of which was completed as
part of the study (chapter 2), functional description of a novel, highly divergent nidovirus
genome identified by mining transcriptome of its host, planarian S. mediterranea (chapter
4). These and other studies, conducted in recent years, contributed to the evolution of
understanding of nidovirus key properties.
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Figure 1 | Nidovirus diversity: phylogeny, taxonomy, host range, and genome size. Shown is the midpoint-
rooted phylogeny, family structure of 2019, species recognized by 2014, host group and genome size of nidovirus
species under consideration by ICTV in 2019 [3-6]. The phylogeny was reconstructed based on Viralis MSAs [24]
of 3CLpro, NiRAN, RdRp, ZBD, HEL1 conserved cores, using IQ-Tree 1.5.5 [25], with an evolutionary model
selected for each domain independently. To estimate branch support, SH-like approximate likelihood ratio test
with 1000 replicates was conducted. Viruses representing species and species acronyms are identical to those
used in 2019 ICTV proposals (except acronym AcCoV was substituted by AAbV). Information about nidovirus
hosts and genome lengths was obtained from GenBank entries. Note that for nidoviruses discovered by
metatranscriptomics, host misassignment due to contamination remains a persistent concern. For example, it
can be hypothesized that two toroviruses (species Infratovirus 1 [INTOV] and Sectovirus 1 [SECTOV], represented
by the Xinzhou toro-like virus [KX883638.1] and the Xinzhou nematode virus 6 [KX883637.1], respectively)
discovered in metatranscriptomes of snake-associated nematodes [7], which were ascribed as their potential
hosts, may infect reptiles instead, as the two viruses cluster with reptile viruses on the phylogenetic tree, and
their ascribed hosts are likely to be contaminated with reptile materials. Likewise, the actual host of the Dianke
virus (DiankeV; KY056254.1) may be an arthropod, because while the virus genome was reported to be isolated
from the brain of a rodent, it is closely related to arthropod viruses not known to infect vertebrate hosts.

NIDOVIRUSES RE-DEFINED: UNCOUPLING MOST CONSERVED
CHARACTERISTICS

Originally nidoviruses were recognized as a distinct virus group sharing a unique
mechanism of discontinuous subgenomic RNA synthesis (transcription), which provided
the basis for the group name. Nidoviruses are also distinguished by a conserved multi-ORF
organization of the genome, utilization of PRF to express the second ORF (ORF1b), four-
domain synteny of replicative domains (3CLpro-RdRp-ZBD-HEL1) encoded in the middle
part of the genome, monophyletic clustering of the conserved replicative domains, and a
genome size ranging from 12 to 34 kb and including the largest known RNA genomes [26-
29]. This recurrent association of many characteristics is indicative of genetic coupling that
may have originated early in the nidovirus evolution. However, with expanding
experimental characterization of a few distantly related nidoviruses and through
comparative genomics of the ever-increasing diversity of nidoviruses, the notion of
nidovirus-specific conservation has been steadily adjusted.

Since 1993, when the order Nidovirales was established [30], some nidoviruses, namely
toro- and roniviruses, were shown to deviate from others in using discontinuous
subgenomic RNA synthesis [31, 32]. Discoveries made after 2014, including the ones
described in this thesis, identified deviations in other characteristics, limiting further the
number of those that are universally shared by all nidoviruses.

Variation in genome architecture and expression mechanisms of nidoviruses

All nidovirus genomes discovered up to 2016 followed the common genome plan:
overlapping ORFla and ORF1b occupying the 5’-terminal two-thirds of the genome and
encoding non-structural proteins responsible for virus expression and replication,
respectively, and multiple smaller 3’ORFs that encode structural and accessory proteins.
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Figure 2 | Nidoviruses with canonical (SARS-CoV) and non-canonical genome ORFs organization. WJHAV,
Wuhan Japanese halfbeak arterivirus (MG600020.1); BNV1, Beihai nido-like virus 1 (KX883629.1) classified as
species Turrinivirus 1 (TurrNV) by ICTV; AAbV, Aplysia abyssovirus 1 (GBBW01007738.1); PSCNV, Planarian
secretory cell nidovirus (MH933735.1). ORFs are positioned according to their frame, with the most 5’-terminal
depicted ORF set as zero. ORF regions are colored according to their predicted function (see inset). Genome
signals, described by the discoverers of each virus, are indicated by color (see inset).

Recent discoveries, including some in our study (chapter 4), demonstrated that variation
of this conserved genome plan is possible in nidoviruses (Fig. 2). In the Wuhan Japanese
halfbeak arterivirus (WJHAV) genome, ORF1b is fused with a gene encoding putative
glycoprotein [33], presumably a structural protein. Both Beihai nido-like virus 1 (BNV1)
and Aplysia abyssovirus 1 (AAbV) contain two ORFs, a 5’-terminal ORF combining ORFla-
and ORF1b-like regions, and a single 3’-terminal ORF encoding structural protein domains
[7, 19, 20]. The PSCNV genome has a single large ORF, which is an equivalent of ORF1a,
ORF1b and 3’ORFs fused together (chapter 4). Notably, PSCNV ORF encodes a 13,556 aa
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polyprotein that is 58-67% larger than the largest single- or multi-ORF polyproteins of
other viruses.

Conserved multi-ORF genome organization of nidoviruses is coupled with conserved
expression mechanisms of transcription and translation, controlling the relative quantities
of functionally different proteins in infected cell. The discovery of nidoviruses with an
unusual ORF organization raises the question whether they maintain the canonical
stoichiometry of viral proteins, and if so, by what expression mechanisms.

In canonical nidoviruses, ORFla-encoded proteins are expressed in higher quantities than
ORF1b-encoded proteins, due to -1 PRF directing a fraction of ribosomes from ORF1a to
ORF1b translation. A similar non-structural proteins ratio may be achieved through
different mechanisms in non-canonical nidoviruses BNV1, AAbV and PSCNV. Both BNV1
and AAbV have ORF1la-like and ORF1b-like regions residing in the same reading frame and
separated by a stop codon (Fig. 2) [7, 19, 20]. If a readthrough of this stop codon only
occurs in a fraction of translation events, proteins encoded in the ORF1a-like region would
be expressed in a higher quantity compared to proteins encoded in the ORF1b-like region.
The PSCNV genome includes a predicted -1 PRF site with a potential to divert translation
from ORF1b-like region of the main ORF to a tiny 39 nt ORF (Fig. 2). If efficiency of
frameshifting at the predicted site is limited, ORFla-like compared to ORF1b-like region of
the PSCNV genome would be expressed more frequently (chapter 4). The main difference
between the -1 PRF-directed mechanisms in canonical nidoviruses and in PSCNV is that -1
PRF directs translation into ORF1b in the former but diverts it from ORF1b-like region in
the latter.

Another important feature of protein synthesis in canonical nidoviruses is that structural
proteins are expressed starting at a later point in time and in higher quantities than non-
structural ones. This is achieved through TRS-guided production of sg mRNAs that are 3'-
coterminal with the genome and encompass ORFs encoding structural proteins. Notably,
this mechanism may be used also for expression of non-canonical nidoviruses: the single
3’ORF of AAbV [19] and the 3’ORFs-like region of the PSCNV genome (chapter 4); based on
similarity with canonical nidoviruses, this hypothesis may be extended to the single 3’ORF
of BNV1 and the three small 3’ORFs of WJHAV, although these viruses were not studied in
this respect (Fig. 2). In both the PSCNV and AAbV, potential leader and body TRSs were
identified by comparative genomics as large repeats in the 5’UTR and upstream of the
genome region predicted to encode structural proteins, respectively (Fig. 2). A sharp
increase in coverage of the genome by RNA-seq reads was observed at the body TRS of
both PSCNV and AAbV, consistent with the downstream region being a subject of
transcription. Existence of PSCNV sg mRNA species, expected to be expressed when the
identified TRSs are employed, was confirmed in a 5’-RACE experiment. Importantly, if
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translation of the PSCNV sg mRNA species is initiated at its most 5’-terminal start-codon, it
would result in production of a polyprotein identical to the C-terminus of the giant
polyprotein expressed from the PSCNV genome (chapter 4). Thus, predicted structural
proteins of PSCNV may be expressed from both genome and sg mRNA.

Interestingly, the PSCNV may not be the only non-canonical nidovirus, structural proteins
of which are synthesized from both genome and sg mRNA. The WJHAV potentially
encodes a glycoprotein in the unusually long 3’-terminus of its ORF1b that is located
downstream of the otherwise terminal O-MT locus [3, 33]. While the WJHAV was not
analyzed in this respect, this genome organization is compatible with both genome and sg
mRNA directing synthesis of the glycoprotein (Fig. 2). Production of certain structural
proteins from both genome and sg mRNA can also be envisioned for some of the canonical
nidoviruses, such that stop-codon of ORF1b and start-codon of the downstream structural
ORF are in-frame and separated by few nucleotides in their genomes. If a readthrough of
the ORF1b stop-codon would occur, with the stop-codon being decoded by a suppressor
tRNA [34], it would lead to a continuation of translation, resulting in the production of
pplab fused with a structural protein (unpublished observation). For example, SARS-CoV
ORF1b and ORF2, encoding S protein, belong to the same reading frame and are separated
by 6 nt (Fig. 1 from chapter 1).

Unlike the expression of structural proteins from individual ORFs, observed in most known
nidoviruses, expression of multiple structural proteins from a single ORF, predicted for
non-canonical BNV1, AAbV and PSCNV (Fig. 2), would require processing of the structural
polyprotein by host and/or viral proteases, unless their structural domains function in the
context of a single polyprotein. Accordingly, a chymotrypsin-like serine protease domain
was detected in the structural polyprotein sequences of BNV1 and AAbV [19, 20], and
potential cleavage sites of cellular proteases furin and signal peptidase were identified in
the C-terminal region of the PSCNV polyprotein (chapter 4).

In addition to the deviations from the canonical nidovirus genome architecture in newly
discovered viruses discussed above, a number of small functional ORFs, preceding or
overlapping with the nidovirus replicase, were revealed in relatively-well characterized
nidoviruses in recent years.

The presence of a short ORF, encoded upstream of ORF1a, but likely to be bypassed by
ribosomes due to the poor initiation context of its start-codon, was previously reported
for multiple arteri- and coronaviruses [35-39]. A recent study utilizing ribosome profiling
confirmed that such ORF is translated in MHV [40]. In addition, two CUG-initiated ORFs,
one upstream of ORF1a, and another overlapping with ORFla 5’-terminus, were
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demonstrated to be translated in equine torovirus (EToV); the ORFs were shown to be
conserved within the genus Torovirus [41].

Another pair of small functional ORFs was discovered in arterivirus PRRSV in 2012. Two
ORFs are located in the nsp2-encoding genome region, and can be expressed via -1 and -2
PRF, respectively. PRFs occur during ORF1a translation, and lead to the production of two
shortened ppla proteins with alternative C-termini. Both -1 and -2 PRF are transactivated
by a complex of arterivirus nsp1p protein and cellular poly(C) binding protein, and employ
the same PRF site, consisting of a slippery sequence and a downstream cytidine-rich
genome element. The mechanism was predicted to be conserved in all arteriviruses
known at the time of the study, with the exception of EAV, based on conservation of the
PRF site and the size of the small ORFs [42-44]. This prediction was recently extended to a
number of newly discovered arteriviruses, and a distantly related arterivirus WPDV
(chapter 2). Notably, the distance between the putative WPDV PRF site elements was
predicted to be larger than in other arteriviruses. Its utilization may be coupled with
extensive evolution of the WPDV nsp1p protein, which diverged considerably from its
orthologs and/or other changes to the transactivating protein complex. In addition, the
WPDV protein domain predicted to be expressed as a result of -2 PRF is very short and
doesn’t include potential transmembrane helices, unlike the analogous domains of other
arteriviruses.

NiRAN: a fifth universally conserved domain of nidoviruses

In 1988-1989, four domains, 3CLpro, RdRp, ZBD and HEL1, were delineated in the first
sequenced coronavirus [26, 45-47]. Subsequently, they were found to be universally
conserved in all nidoviruses [30, 48-50]. Many more protein domains were delineated in
further studies but none were conserved across the entire order until our discovery of the
NiRAN domain, which remained undetected for almost twenty years, was published in
2015 [51]. Its discovery (chapter 3) extended the synteny of universally conserved
domains associated with the order Nidovirales to 3CLpro-NiRAN-RdRp-ZBD-HEL1. Like all
the other domains of the synteny, NiRAN was discovered by bioinformatics analysis of
extremely distant homology. It is the only enzymatic domain among these five conserved
domains that has no apparent homolog in other RNA viruses (however see below).

The NiRAN domain is encoded upstream of RdRp within the same cleavage product. It was
shown to be conserved in all nidoviruses by comparative genomics that included profile-
profile, predicted secondary structure, and conserved sequence motifs analyses.
Comparative genomics helped formulate initial hypothesis about function of the domain.
Based on the domain position in ORF1b-encoded part of pplab, harboring replicative
enzymes, and its profile of invariant residues, the domain was proposed to be an
NTP-dependent RNA ligase, a partner of endoribonuclease NendoU, which was believed to
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Figure 3 | Primary and secondary structure similarity between NiRAN and protein kinases. Shown is HHsearch
alignment of CoToMeRoAr NiRAN and PFAM Pkinase profiles in HH-suite format. The most conserved residues of
NiRAN are highlighted in green, NiRAN motifs are designated on top of the alignment. Key functional residues of
Pkinase are highlighted in cyan, selected Pkinase sub-domains are designed below the alignment.

be universally conserved in nidoviruses at the time [52]. Consequently, the ability of the
domain to covalently bind nucleotides (nucleotidylation), which constitutes the first stage
of the ligase reaction, was probed experimentally using recombinant EAV nsp9;
nucleotidylation activity with high substrate specificity for UTP, and a lesser substrate
specificity for GTP, was demonstrated. Accordingly, the domain was named nidovirus
RdRp-associated nucleotidyltransferase, or NiRAN (chapter 3).

Three possible functional roles were proposed for NiRAN, with each being compatible with
some but not all available experimental data (chapter 3). First, as suggested initially,
NiRAN might be an NTP-dependent RNA ligase. However, the fact that conservation of the
potential counterpart of the ligase, NendoU, was shown to be restricted to vertebrate
nidoviruses [50], as well as EAV NiRAN preference for UTP and GTP, uncharacteristic for
ligases, make this hypothesis less plausible. Second, NiRAN might be a guanylyltransferase
(GTase) catalyzing the second reaction of the mRNA capping pathway (Fig. 3 from chapter
1), though preference of EAV NiRAN for UTP over GTP substrate would be difficult to
explain in this context. Third, NiRAN might be involved in protein-primed RNA synthesis,
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either in the capacity of a protein covalently linked to the 5’-terminal nucleotide of the
nascent RNA strand, or by transferring a nucleotide to such protein. Notably, a protein-
priming role would be in perfect agreement with the EAV NiRAN substrate specificity: 5’-
terminal nucleotide of EAV genome and sg mRNAs is G, hence GTP is required to initiate
their synthesis; 3’-end of the EAV genome is polyadenylated, hence UTP is required to
initiate synthesis of minus-strand templates. Also, it would be consistent with RdRp-based
phylogenetic clustering of nidoviruses with RNA viruses that employ protein-primed RNA
synthesis and 3C(L) proteases [26, 53, 54]. However, it would be difficult to reconcile this
role with the presence of a cap structure at the 5’-end of nidovirus mRNAs [32, 55, 56], as
the priming protein would have to be removed prior to capping. Besides, primase-
dependent and de novo mechanisms of RNA synthesis initiation in nidoviruses were
proposed [57, 58], although they were challenged most recently, when coronavirus nsp8
was shown to possess oligo(U)-templated 3'-terminal adenylyltransferase, rather than
template-dependent RNA polymerase activity [59].

The functional role of NiRAN in the virus life cycle could be informed by the function of its
homologs. However, we were unable to identify NiRAN homologs in a carefully controlled
large-scale analysis that detected homologs for all other domains universally conserved in
nidoviruses. This result also left the evolutionary origin of NiRAN uncertain. Nidovirus-
wide conservation of NiRAN, as well as the apparent absence of NiRAN homologs in other
viruses, indicated that it is a genetic marker of the order Nidovirales, only the second after
the previously discovered ZBD (chapter 3). NiRAN is the only major replicative enzyme
known to be exclusively associated with a large monophyletic group of (+)ssRNA viruses
[60].

Four years after our study reporting the NiRAN domain discovery (chapter 3) was
completed, the structure of the SARS-CoV nsp12, first of this protein, shed new light upon
the NiRAN domain [61]. The N-terminus of SARS-CoV nsp12 up to NiRAN motif By is not
visible in the structure and is likely to be highly flexible, while the structure of the NiRAN
C-terminus, as well as the downstream Interface and RdRp domains were resolved.
Comparison of the partial SARS-CoV NiRAN structure with a database of available protein
structures identified significant although limited structural similarity between the NiRAN
domain and the protein kinases (Z-score 7.9, RMSD 3.3 A for the top hit with tyrosine
kinase JAK1 structure 6C7Y, chain A). The strongest similarity was observed in the kinase
nucleotide-binding site. The authors of the nsp12 structure noted that several of the
kinase active site residues aligned with identical, highly conserved residues of NiRAN [61],
while others did not have such counterparts in NiRAN either due to the respective
residues variation or their structure not being solved. The authors concluded that the
reported NiRAN nucleotidylation activity is compatible with the kinase-like fold of the
domain, as observed for human pseudokinase SelO [61, 62].
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In light of these new findings, we revisited our sequence-based analysis that led to the
delineation of the NiRAN domain described in chapter 3. Inspection of the original hit list
showed that the third best HHsearch hit of the CoToMeRoAr NiRAN profile (combined
NiRAN sequences of all nidovirus subfamilies known at the time) in the Pfam database was
with Pkinase profile (PFO0069), representing protein kinases. Statistical support of the hit
was far weaker than common thresholds of significance (Probability=21% vs 95%,
E-value=160 vs 0.001), indicating that if NiRAN and protein kinases are indeed homologs,
as the SARS-CoV nsp12 structural study suggests, they may have diverged beyond reliable
recognition by most advanced sequence-based methods. Such pronounced divergence
would be most compatible with conservation of the structural fold but emergence of a
new function, often associated with replacement of otherwise key conserved residues.

Unlike the structural comparison, which was limited to the resolved structure of the
NiRAN C-terminus (downstream of motif Bn) [61], the HHsearch hit covered all three major
motifs of NiRAN (Fig. 3). This hit length, 109 match columns, was outstanding among the
other (poorly supported) hits of this profile-database comparison, the mean length of
which was 27 match columns. Compared to protein kinases, NiRAN domains of ExoN-
encoding large nidoviruses included a large insertion that separated motifs Bx and Cn.
Absolutely conserved Lys of NiRAN An motif, identified as the most likely target of
nucleotidylation in chapter 3, aligned with signature Lys of protein kinase sub-domain II.
This residue helps to anchor and orient nucleotide, used by kinase as a phosphate donor,
by forming ionic bonds with its a- and B- phosphates. Absolutely conserved Glu of NiRAN
An motif aligned with signature Glu of protein kinase sub-domain Ill, which helps to
stabilize interactions between signature Lys of sub-domain Il and nucleotide [63-65].
NiRAN motif By including invariant Arg residue and highly conserved Ser/Thr and Asp
residues (chapters 3, 4) mapped to a protein kinase region of relatively low conservation,
indicative of NiRAN-specific conservation and function.

N-terminal half of NiRAN Cn motif aligned with catalytic protein kinase sub-domain VIB,
although its signature DxxxxN motif was not conserved in NiRAN: Asp of the signature,
believed to catalyze the phosphotransfer reaction, mapped to a variable NiRAN residue,
while Asn of the signature mapped to a highly conserved Asn of NiRAN, that is

nevertheless substituted by Asp in several arteriviruses (Fig. 3, Fig. S1 from chapter 3) [63
65]. C-terminal half of NiRAN Cn motif aligned with protein kinase sub-domain VII.
Conserved signature of sub-domain VII, tripeptide Asp-Phe-Gly, whose Asp residue is
believed to chelate metal ion necessary to orient the y-phosphate of the nucleotide for
transfer, aligned to an absolutely conserved dipeptide of NiRAN, Asp-Phe, and a third
residue that is a strictly conserved Gly in corona- and toroviruses, and a strictly conserved
Glu in arteri-, mesoni- and roniviruses (Fig. 3, Fig. S1 from chapter 3) [63-65].
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The similarity between NiRAN and protein kinases, observed in the HHsearch hit, doesn’t
extend to include upstream sub-domain | of protein kinases, characterized by a signature
GxGxxG motif and responsible for covering and anchoring nontransferable phosphates of
nucleotide cofactor, or downstream sub-domains VIII — XI, which include subdomain VIII,
characterized by signature Ala-Pro-Glu tripeptide and responsible for recognition of
peptide substrate [63-65]. These subdomains may either be absent or diverged beyond
recognition in nidovirus nsp9/nsp12.

Thus, NiRAN and protein kinases may share elements of the kinase fold and some of its
functionally important residues, which are associated with nucleotide binding, but not the
Asp residue key for the phosphotransferase activity of kinases. Unless NiRAN adopted
other residues to compensate for the lack of the catalytic Asp, the domain is unlikely to be
a bona fide protein kinase. On the other hand, its nucleotidyltransferase activity seems to
be compatible with the conservation of the nucleotide-binding site in the NiRAN and
kinase domains.

Could identification of protein kinases as plausible NiRAN homologs prompt revision of the
NiRAN assignment as a marker of the order Nidovirales (chapter 3)? Indeed, some may
argue that protein kinases are encoded by other viruses: large DNA viruses [66], as well as
some toroviruses (Fig. 2 from chapter 1) [29, 67]. On the other hand, we believe that
unique properties of NiRAN, including its extremely divergent sequence, unparalleled
association with RdRp structurally and functionally, and a place within the nidovirus
domain synteny, clearly separate NiRAN from other homologs.

Synteny of key replicative domains remains the most conserved marker of
nidoviruses

With the identification of the NiRAN domain (chapter 3), one hallmark of nidoviruses —
universally conserved replicative domains encoded in a certain order (synteny) —
expanded to include five domains: 3CLpro-NiRAN-RdRp-ZBD-HEL1. They remain one of the
few characteristics that readily distinguish the ever-growing diversity of nidoviruses from
other viruses.

While remaining under a strong purifying selection, these domains may have accepted
rare or unique substitutions of key residues, revealing adaptation of the associated
functions in most divergent nidoviruses. Namely, PSCNV, prototyping a nidovirus suborder
[2], contains a number of remarkable substitutions in three domains of the synteny,
3CLpro, NiRAN and RdRp (chapter 4). A substrate pocket of PSCNV 3CLpro contains Val
residue in place of His residue absolutely conserved in other nidoviruses; the substitution
was predicted to confer an unusual substrate specificity to the enzyme (chapter 4) [68].
PSCNV NiRAN has a substitution in one out of the seven residues absolutely conserved in
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other nidoviruses (chapters 3, 4). PSCNV RdRp has a Gly-Asp-Asp signature in its catalytic
motif C, instead of Ser-Asp-Asp signature characteristic for nidoviruses (chapter 4) [28].

In agreement with their nidovirus-wide conservation, all domains of the synteny, when
tested in experiments, proved to be essential for nidovirus replication (chapter 3) [69-72].
Nidovirus synteny of invariably encoded replicative domains is one of the very few
conserved replicative domain architectures that accommodate the enormous diversity of
(+)ssRNA viruses [60].

Genomes of nidoviruses can be far larger than previously believed

Following the sequencing of the entire 31.4 kb MHV genome in 1991 [73], the largest RNA
virus genome known at the time, the apparent upper genome size limit increased only
slightly over the years of nidovirus discovery, reaching a plateau (Fig. 1A from chapter 4).
By the time this study started (end of 2014), the 33.5 kb genome of torovirus BPNV was
the largest RNA virus genome known [29], and it seemed that the genome size of ~35 kb
may represent the natural limit of the RNA virus genome size [7]. However, recent
discoveries of two novel nidoviruses, PSCNV (chapter 4) and AAbV [19, 20], challenged this
notion. While the AAbV genome size is just above 35 kb: 35.9 kb (7.4% larger than BPNV),
PSCNV has a giant genome size by RNA virus standards: 41.1 kb (22.9% larger than BPNV,
14.5% larger than AAbV).

Several factors are believed to restrict the RNA virus genome size, including the fragility of
RNA molecules, the selective advantage provided by the fast replication of small genomes,
as well as error-prone replication of RNA viruses, that is believed to have a potential to
cause error catastrophe in longer genomes [74]. Nidoviruses with large genomes uniquely
possess a proofreading enzyme, exoribonuclease, that reduces the error rate of
replication [27, 50, 75, 76]. It can be hypothesized that newly discovered nidoviruses with
extremely large genomes have acquired properties that allowed them to decrease the
error rate of replication even further, permitting them to maintain longer genomes, and
increasing their capacity for adaptation. Interestingly, nidoviruses with the two longest
known genomes, AAbV and PSCNV, infect exotic hosts, a flatworm and a mollusk,
respectively (Fig. 1). It is tempting to suggest that unknown host factors may also play a
role in the viability of these extraordinary long genomes.

The genome expansion of nidoviruses was described by a theoretical model [77].
According to the model, the nidovirus genome expansion was dominated by a consecutive
expansion of genome regions responsible for genome replication (ORF1b), genome
expression (ORF1a) and genome dissemination (3’ORFs region) in the course of the
nidovirus evolution. The model, which considers extant nidoviruses as “frozen” at
different points along the evolutionary trajectory, predicted that further expansion of the
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nidovirus genome would be initiated by the expansion of ORF1b [77]. Notably, the ORF1b-
like genome region of PSCNV is 9.8 kb, which is considerably larger than the largest ORF1b
region of a previously known nidovirus — 8.2 kb ORF1b of human coronavirus OC43 [78].
This region size increase is especially remarkable because, unlike sizes of ORFla and
3’0ORFs, the size of nidovirus ORF1b is tightly constrained (Fig. 8A from chapter 4). When
accounting for genome and region size variation, the increase of ORF1b-like region size in
PSCNV was shown to be almost ten times greater than what would be expected if sizes of
all genome regions in PSCNV increased uniformly (Fig. 8B from chapter 4). This increase of
the ORF1b-like region size corroborates the nidovirus genome expansion model, and thus
may indicate that nidoviruses with even larger genomes can be discovered in the future.

INNOVATION IN NIDOVIRUS GENOMES: DUPLICATION AND
GENE ACQUISITION

Most large-scale evolutionary changes in nidoviruses can be attributed to aberrant
homologous and non-homologous recombination, the mechanisms behind deletions,
duplications and gene acquisitions [79, 80]. These evolutionary events are most frequently
observed in the two regions of nidovirus genome controlling nidovirus-host interactions:
pre-TM2 region of ORFla and 3’ORFs. Several notable examples of deletions, duplications
and gene acquisitions, mapping to these genome regions, were described in recent years,
including some in our studies (chapters 2, 4).

May tandem repeats be common in ORF1a of nidoviruses?

One of the most common mechanisms of genome and protein innovation is the
generation of tandem repeats. Possibly due to fast evolution, adjacent and highly similar
tandem repeats were rarely observed in the genomes of RNA viruses, and reported only in
a single nidovirus, betacoronavirus HCoV-HKU1, prior to 2014 [81, 82].

A recent study uncovered tandem repeats in nsp3 of a gammacoronavirus called duck-
dominant coronavirus (DdCoV; classified as species Duck coronavirus 2714 [DuCoV_2714]
by ICTV), in a position similar to that of HCoV-HKU1 repeats. Four analyzed isolates of
DdCoV all harbored five almost-identical copies of a 23 aa charged residue-rich repeat in
nsp3 [83].

As shown in this thesis, the arterivirus ORFla pre-TM2 region also contains repeats
positioned in close proximity to each other: three copies of the PxPxPR motif, separated
by ~10 aa, were identified within the HVR domain of EAV and WPDV (chapter 2). At least
one copy of this motif was also found within the Hinge or HVR domain of almost all other
arteriviruses (Fig. 3B from chapter 2). PxPxPR motifs may be recognized by cellular Src
homology 3 (SH3) protein domains, implicated in signal transduction [84]. The same
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function was previously suggested for the canonical SH3-binding motifs PxxP detected in
the nsp2 sequence of PRRSV-1 [85]. Given the small size of PxPxPR motifs and their
scattered position within the fast-evolving Hinge and HVR domains of arteriviruses, they
might have emerged by either point mutation fixed by selection, or duplication followed
by diversification.

Also, we described two types of tandem repeats in the newly discovered invertebrate
nidovirus PSCNV (chapter 4). Two tandem repeats of 67 and 66 aa, separated by 3 aa and
sharing 41.1% identity, were found in the pre-TM2 genome region. No homologs of these
repeats, which could have pointed to their function, were identified. Further, PSCNV
encodes an array of at least three tandem ankyrin repeats in the 3’ORFs-like region of its
genome; their origin and function is discussed below.

Complex diversification of PLP paralogs in arteriviruses

Gene duplication is commonly followed by diversification of repeats, which could be
advantageous for the virus [86]. Multiple PLP domains are present in the majority of
known vertebrate nidoviruses and were one of the first recognized duplications in RNA
viruses [87]. Their analysis in arteriviruses (chapter 2) offers an insight into the process of
repeats diversification and its implications. Our study involved 14 arterivirus species
recognized by ICTV as of 2016 [1], which included the most divergent arterivirus, WPDV,
important for understanding limits of divergence within this family. We relied on previous
research regarding the organization and function of the ppla/lab N-terminus in five
arterivirus species (for review see [88-91]), as well as on resolved tertiary structures of
PRRSV-2 PLP1a and PLP1b, and EAV PLP2 [92-94].

The number of PLP domains encoded in the ppla/lab N-terminus of 14 arterivirus species
was found to vary from three to four (Fig. 3 from chapter 2), which were referred to as
PLP1a, PLP1b, PLP1c and PLP2, based on the order of encoding.

In line with expectations, we found very limited sequence similarity between predicted
PLP1 domains of arteriviruses and the WPDV ppla that was restricted to the immediate
vicinity of their catalytic residues and led to tentative identification of three PLP domains.
The PLP1a domain of WPDV was predicted to be proteolytically inactive, like its EAV
counterpart [95], as both enzymes lack catalytic Cys residue. Since WPDV and EAV do not
form a monophyletic lineage, it remains uncertain whether this loss of the catalytic
residue was independent or not in two viruses. Regardless of being enzymatically active or
not, PLP1a of all arteriviruses retain catalytic His residue that is part of a unique motif
(HxxxxxF). This unusual pattern of conservation, involving active and defective enzymes,
suggests a distinct noncatalytic function for this residue.
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In contrast to WPDV, PLP1 domains of non-WPDV arteriviruses exhibited a considerable
degree of sequence and/or structural similarity. Their PLP1a domain is associated with the
N-terminal zinc-finger domain, not found in WPDV. Sequence similarity between profiles
of PLP1a and PLP1b or PLP1c was low, as was structural similarity between PLP1a and
PLP1b of PRRSV-2. PLP1b and PLP1c were found to share a significant sequence similarity;
surprisingly, EAV PLP1b exhibited a stronger similarity towards PLP1c, rather than PLP1b
sequences. Notably, most residues conserved in PLP1a and PLP1b/c of non-WPDV
arteriviruses mapped to the C- and N-terminal subdomains of the PLP structure,
respectively (Fig. 11 from chapter 2), which is consistent with different functional
specializations of these domains.

The PLP2 domain was shown to be universally conserved in all 14 arterivirus species, while
sequence similarity between PLP2 and PLP1 domains was below commonly accepted
thresholds of statistical significance for profile-profile analysis. Likewise, structural
similarity between PRRSV PLP1a/1b and PLP2 was not statistically significant.

The established pattern of inter-domains similarity between different PLPs and
arteriviruses allows to suggest an evolutionary scenario that might have led to the
emergence of PLP arrays in arteriviruses. Barring a minor possibility that PLP1 domains
were acquired by ancestors of the WPDV and non-WPDV arterivirus lineages
independently, the MRCA of these viruses may have already encoded one, two or three
PLP1 domains and a PLP2 domain. Presence of one ancestral PLP1 domain in the MRCA of
known arteriviruses would imply that arrays of PLP1 domains were generated in WPDV
and non-WPDV arteriviruses independently, and the weak similarity observed between
the respective PLP1 domains of the two lineages is a result of parallel evolution (variant of
convergence). An alternative scenario would be the presence of two or three PLP1
domains in the arterivirus MRCA, with ancestral PLP1a already bearing its distinguishing
features, lack of catalytic Cys and a unique HxxxxxF motif involving catalytic His.
Subsequent evolution of PLP1 domains in different lineages might have involved
duplications followed by diversification, deletions, and convergence. Ancestors of non-
WPDV PLP1a and PLP1b/c likely emerged as a result of a duplication that occurred prior to
the existence of MRCA of non-WPDV arteriviruses. The MRCA of non-WPDV arteriviruses
might have possessed a single ancestral PLP1b/c domain, which would imply a subsequent
duplication of the domain in the non-EAV lineage. Alternatively, the MRCA of non-WPDV
arteriviruses might have possessed ancestral PLP1b and PLP1c, with ortholog of PLP1b
being lost in the EAV lineage.

Thus, an array of orthologous PLP domains of arteriviruses emerged as a result of a broad
range of evolutionary events, where multiple PLP duplications were followed by
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diversification, loss and possibly convergence of orthologous domains, involved loss of
catalytic activity and different functional specialization of orthologs.

Newly described nidovirus includes repeats of uncertain origins

While the evolutionary origin of the tandem repeats described above can be tentatively
ascribed to duplication, the PSCNV genome encodes at least two pairs of repeats
separated by considerable distances (chapter 4), whose evolutionary origin remains
uncertain.

The potential leader and body TRSs of PSCNV (see above) are ~60 nt long, share 86%
sequence identity, and are separated by 28,327 nt. They might have emerged as a result
of duplication, but incremental extension of the similar regions by point mutations fixed
by selection (convergence), associated with genome expansion, seems to be more likely. A
shorter ancestral genome might have already had TRSs at the respective positions in the
genome, as is typical for nidoviruses. Expansion of the genome would have necessitated
TRSs extension: short motifs identical to TRSs can be encountered in a long genome just
by chance, jeopardizing genome expression. Consequently, gradual expansion of the
genome could have created evolutionary pressure, causing identical sequences of TRSs to
gradually extend along with the genome through convergence mechanism. Expansion of
virus sampling in the PSCNV clade could help in resolving evolutionary history of this
intriguing similarity involving exceptionally long TRS-like elements.

In addition, PSCNV encodes two highly divergent fibronectin type 2 (FN2) domains
separated by 1,572 aa in the polyprotein. Besides duplication in ancestral virus, FN2
domains might have been acquired independently from unknown sources, since they are
only remotely similar and located far apart. The possible function of the two FN2 domains
is discussed below.

Newly described nidovirus acquired domains rarely or never observed in viruses

Another major source of genome and protein innovation is domain acquisition from other
species. Many domains found in subsets of nidoviruses may have been acquired through
this mechanism (see Introduction). Our study of PSCNV was particularly insightful in this
respect since it expanded the previously known proteome repertoire of nidoviruses or
even larger groups of viruses (chapter 4). Besides encoding orthologs of canonical
replicative domains of nidoviruses, PSCNV was found to also encode such domains as
ribonuclease T2 (RNase T2), two fibronectin type 2 domains, and an ankyrin repeats
domain (ANK).
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Figure 4 | Proposed roles of PSCNV ANK and its host homologs in modulation of antiviral immune response.
(A) In the absence of an inducing signal, NF-kB protein (SMU15016868) resides in the cytoplasm, bound by
inhibitors: its own ANK domain and protein kB (SMU15003987). (B) In response to viral infection, inhibitors are
degraded, allowing the NF-kB transcription factor to enter the nucleus and modulate gene expression to
promote antiviral immune response. (C) IkB-mimicking viral protein (PSCNV ANK) may retain the NF-«kB
transcription factor in the cytoplasm after its inhibitors were degraded, thus downregulating the immune
response.

The RNase T2 homolog is encoded in the pre-TM2 region of the giant PSCNV ORF. RNases
T2 cleave ssRNA in an acidic environment, and are encoded by a broad range of cellular
organisms, as well as two groups of viruses, (+)ssRNA pestiviruses and dsDNA
polydnaviruses [96]. Viral RNases T2 were implicated in modulating host immune response
[97, 98], and we proposed a similar function for PSCNV RNase T2.

Also, we identified two FN2 domains in the PSCNV polyprotein, which are encoded far
downstream from RNase T2 in a 3'ORFs-like region. Never before found in viruses, FN2
domains are common in vertebrates and invertebrates as modules of multidomain
proteins involved in diverse processes [99, 100]; when studied they were found
responsible for protein-protein interactions: binding of gelatin and collagen [101, 102]. We
speculated that FN2 domains of PSCNV could also bind collagen. Since PSCNV was found
to infect mucus-producing cells, PSCNV FN2 domains might help to adhere PSCNV virus
particles to the collagen-containing mucus excreted by the host [103], facilitating spread
of the virus among host population.
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The two FN2 domains flank the PSCNV polyprotein region that includes the ANK domain,
another mediator of protein-protein interactions. The ANK domain is ubiquitous in
proteins of diverse cellular organisms, and dsDNA viruses with large genomes, but was not
detected in proteins of RNA viruses before [104].

The PSCNV RNase T2, FN2 domains and the ANK domain were likely acquired from other
viruses or hosts via non-homologous recombination. Due to the lack of close homologs,
evolutionary origins of RNase T2 and FN2 domains in PSCNV remain unknown. In contrast,
the PSCNV ANK domain clusters confidently with ANK domains of a pair of host proteins,
SMU15016868 and SMU15003987, indicating that the ANK domain might have been
acquired from an ancestor of the host, flatworm Schmidtea mediterranea.

Further analysis of the domain architecture of these host homologs led us to a hypothesis
about the possible functional role of PSCNV ANK (chapter 4) in a striking parallel with a
process documented for several dsDNA viruses [105-107]. Namely, the host ANK-
containing proteins have domain architectures suggestive of their interaction:
SMU15016868 is characteristic for NF-kB protein, N-RHD-ANK-C (RHD is a Rel homology
domain), while SMU15003987 is characteristic for its inhibitor IkB, N-ANK-C [108]. Based
on studies of several viruses [105, 106], the NF-kB protein is expected to reside in the
cytoplasm, bound by inhibitors, its own ANK domain and protein IkB, in the absence of a
viral infection (Fig. 4A). A viral infection would trigger degradation of NF-kB inhibitors,
allowing NF-kB transcription factor to enter the nucleus and modulate gene expression to
promote an antiviral immune response (Fig. 4B). Thus, we proposed PSCNV ANK to act as a
IkB-mimicking protein, retaining a NF-kB transcription factor in the cytoplasm after the
degradation of its inhibitors, and thus downregulating the immune response (Fig. 4C).

FUTURE PERSPECTIVES

Comparative genomics reveals patterns of natural variation, forming the basis for
evolutionary hypotheses that inform experimental research. This thesis contains multiple
examples of the connection between comparative genomics and bench. Experimental
characterization of the novel, universally conserved domain of nidoviruses, NiRAN, was
inspired by a hypothesis about its RNA ligase activity, formulated based solely on
comparative genomics data (chapter 3), while hypotheses and models suggested in
chapters 2 and 4 create a basis for future experimental research. In chapter 2, methods of
comparative genomics allowed to make several predictions about the N-termini of
arteriviral polyproteins: the position of enzymatically active PLP domains of fourteen
arteriviruses, few of which were previously characterized in this respect, as well as
potential nsp2 PRF and SH3-binding sites were identified. In chapter 4, an extremely
divergent and unusual nidovirus, PSCNV, was extensively analyzed by methods of
comparative genomics, leading to hypotheses about various aspects of its biology,
including the nature of replicative domains and structural proteins that it encodes,
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mechanisms of differential protein expression that it employs, and ways of evading host
immune defenses that it uses. Besides, existence of a related virus infecting a flatworm
Planaria torva was also predicted in chapter 4. All these predictions could benefit from
experimental verification.

The explosive growth of the number and diversity of newly discovered nidoviruses, which
has been observed in recent years, is likely to continue and accelerate even more in the
future. These developments will bring new insights about the biology and evolution of
nidoviruses, but may also present a challenge. The unprecedented influx of new divergent
nidovirus genome sequences calls for the development of tools allowing to reliably classify
them [9, 10], and to detect homology despite their enormous genetic divergence (chapter
5). Importantly, nidovirus genomes that will be discovered in the future can also be
instrumental in verifying and advancing hypotheses formulated in this thesis. For example,
the discovery of a sister virus for WPDV (chapter 2) or PSCNV (chapter 4), which are
separated from the currently known nidoviruses by long genetic distances, would make it
possible to test hypotheses about these viruses by analyzing the conservation of their
predicted functional genome and proteome elements.
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