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Mikel Valle

 Introduction

Almost 40 years ago, pioneering crystallographic studies on two icosahedral viruses 
(Abad-Zapatero et al. 1980; Harrison et al. 1978) revealed a clear structural similar-
ity between their capsid proteins. The resemblance was not expected since the pro-
teins that build the capsids of the two viruses have no sequence homology between 
them; however they display the same so-called jelly roll fold. Additional early works 
on viral structures supported the notion of structural homology between capsid pro-
teins and an evolutionary divergence of the viruses from common ancestors 
(Rossmann et  al. 1983). Currently, the classical taxonomy of viruses by their 
genomic features (Baltimore 1971) is challenged by a structure-based classification 
(Abrescia et al. 2012). In the latter, the viral universe is segregated into four major 
lineages (PRD1/Adenovirus-like, Picornavirus-like, HK97-like, and BTV- like), and 
new groups have been recently proposed (Nasir and Caetano-Anolles 2017). A 
drawback of these new structure-based classifications is that only icosahedral 
viruses are clearly grouped, and helical and non-icosahedral enveloped viruses lie 
outside the described lineages. The strong spatial restrictions for capsid proteins in 
icosahedral arrangement seem to limit their structural variation; thus, the similari-
ties between them are kept at recognition levels. Nucleoproteins from viruses that 
do not construct well-ordered icosahedral particles exhibit larger structural variabil-
ity, and their relationships are harder to reveal. Nevertheless, the latest structural 
studies on nucleoproteins and virions from non-icosahedral viruses substantiate 
new homologies between viral groups with different morphologies. This chapter is 
focused on a recently described structural homology between the nucleoproteins 
from several families of ssRNA viruses that infect eukaryotes.
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 Eukaryotic ssRNA Viruses

Among viruses that infect eukaryotic organisms, RNA viruses are the most abun-
dant and diverse, especially the ones with (+)ssRNA genomes. It seems that the 
compartments in the cytoplasm provide a rich niche where RNA replication com-
plexes are constructed via interactions with proteins and membranes from the hosts 
(Nagy and Pogany 2011). In the last ICTV release of virus classification (Adams 
et al. 2017), (+)ssRNA viruses are distributed in 3 orders and 22 unassigned families 
(Fig. 6.1, that includes only viral families relevant for this chapter), while the less 
populated group of (−)ssRNA viruses contains 1 order and 4 unassigned families 
(in this last ICTV release, the previously unassigned family Bunyaviridae is redis-
tributed in several families within the new order Bunyavirales, but this chapter 
keeps the name of this family to easily refer to previous works). A tentative phylog-
eny of eukaryotic (+)ssRNA viruses has been proposed based on the sequence 
homology between their RNA-dependent RNA polymerases (RdRp), the only com-
mon gene to all the families, and the structure of their viral genomes (Koonin 1991). 
This phylogeny distinguishes three superfamilies: alphavirus-like, picornavirus-
like, and flavivirus-like. On the other hand, (−)ssRNA viruses, whose RdRp differ 
significantly from the ones of the (+)ssRNA groups, are segregated in the order 
Mononegavirales (which includes eight families with monopartite genomes) and in 
several unassigned families with segmented genomes (Fig.  6.1) (Koonin et  al. 
2015).

 Flexible Filamentous Plant Viruses

Flexible filamentous plant viruses are plant pathogens that contain a monopartite 
(+)ssRNA genome protected by hundreds of copies of their coat protein (CP) 
arranged in helical mode (Kendall et al. 2008). Their infective particles are long 
(several hundreds of nm) and thin (10–15 nm diameter) flexible filaments. They are 
transmitted by mechanical contact or by arthropod vectors and cause severe eco-
nomic impact in agriculture. Currently there are more than 380 species (Adams 
et al. 2017) grouped in four families: Alphaflexiviridae (50 species, where genus 
Potexvirus has 35 representatives), Betaflexiviridae (89 species, genus Carlavirus 
includes 47 different viruses), Closteroviridae (49 species), and Potyviridae (195 
species, and genus Potyvirus includes 160). All those viruses display a very similar 
architecture for their non-enveloped virions, although some genus within family 
Closteroviridae have segmented genomes.

Most of the flexuous filamentous plant virus groups belong to the alphavirus-like 
superfamily (Fig. 6.1). They share a closely related RdRp, a capping enzyme, and 
the superfamily 1 helicase gene (Koonin and Dolja 1993). However, family 
Potyviridae fits in the picornavirus-like superfamily following the RdRp-based phy-
logeny, the expression and processing of a polyprotein, and the presence of a 
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genome-linked VPg protein. Potyviruses are clear outsiders within the picornavirus- 
like superfamily where the icosahedral capsid made of proteins with the jelly roll 
fold is abundant; however potyviruses display helical and filamentous virions. It is 
thought that a common CP gene for flexible filamentous viruses has been trans-
ferred and finally shared by all the families (Koonin et al. 2015).

 Enveloped and Segmented (−)ssRNA Viruses

Families Orthomyxoviridae (e.g., influenza virus), Bunyaviridae (e.g., Rift Valley 
fever virus or RVFV), and Arenaviridae (e.g., Lassa fever virus) have been some-
times grouped within the order Multinegavirales, i.e., enveloped viruses with 

Fig. 6.1 Groups of ssRNA eukaryotic viruses. Some of the orders and families of eukaryotic 
ssRNA viruses are shown grouped accordingly to the polarity of their ssRNA. Only the viral fami-
lies relevant for this chapter are included, together with cartoons that represent the architecture of 
their virions or infective particles. The names of the different families are seen in green (plant 
infecting viruses), red (animal infecting viruses), or orange (family with plant and animal viruses). 
(*) Bunyaviridae family is currently reassigned in the order Bunyavirales (see main text)
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segmented (−)ssRNA genomes or sNSV (segmented negative-strand viruses). They 
present genomes divided into two (Arenaviridae), three (Bunyaviridae), and six to 
eight (Orthomyxoviridae) fragments. These subgenomic segments have comple-
mentary ends and form circular nucleocapsids (Raju and Kolakofsky 1989; Hsu 
et al. 1987) together with nucleoproteins and the viral polymerase. The ribonucleo-
protein complexes of arenaviruses and bunyaviruses are rather flexible and unstruc-
tured, but in influenza they construct double-helical nucleoproteins (Arranz et al. 
2012). For all the representatives of this tentative order, the genomic material is 
protected inside an envelope coming from the membrane of the infected cell. Most 
of the viruses within these three families infect animals, but the genus Tospovirus 
(e.g., tomato spotted wilt virus or TSWV, family Bunyaviridae) is a plant-infecting 
group that can multiplicate within the arthropod vector (usually thrips) leading to 
persistent vector transmission (Kormelink et al. 2011).

 Structure of Flexible Filamentous Plant Viruses

Initial structural studies of flexuous filamentous plant viruses revealed their com-
mon overall architecture (Kendall et al. 2008). Apart from possible differences at 
their ends (for instance, the presence of VPg linked to the 5′ genomic end in poty-
viruses), low-resolution X-ray fiber diffraction data and cryoEM 3D maps showed 
filaments of 120–130 Å diameter constructed by CPs arranged in helical mode, with 
about nine subunits per turn. The studies were carried out with soyben mosaic virus 
(SMV), a potyvirus, and three potexviruses (family Alphaflexiviridae), potato virus 
X (PVX), papaya mosaic virus (PapMV), and narcissus mosaic virus (NMV) 
(Kendall et al. 2013; Yang et al. 2012; Kendall et al. 2008). The flexible nature of the 
virions precluded atomic resolved data, and the virions were depicted following a 
right- handed helical arrangement, as observed for rod-shaped rigid viruses such as 
tobacco mosaic virus or TMV (Namba and Stubbs 1986). In recent years, by using 
single-particle based helical reconstruction of cryoEM data, several virions have 
been characterized at higher structural detail: bamboo mosaic virus (BaMV), a 
potexvirus resolved at 5.6 Å resolution (DiMaio et al. 2015); pepino mosaic virus 
(PepMV), another potexvirus solved at 3.9 Å resolution (Agirrezabala et al. 2015); 
and watermelon mosaic virus (WMV), a potyvirus solved at 4.0  Å resolution 
(Zamora et al. 2017). The availability of structures for flexible filamentous plant 
viruses from different families (Alphaflexiviridae and Potyviridae) allows for direct 
comparison (Fig. 6.2).

The three described virions (BaMV, PepMV, and WMV) display almost identical 
helical arrangement, with about 34.5–35 Å of helical pitch and 8.8 subunits per turn 
in left-handed helices (Fig.  6.2a–b). The CPs show a core domain rich in alpha 
 helices and two long arms at both ends of the protein. The assembly of the CPs is 
mostly mediated by flexible N- and C-terminal arms, in a way that slight relative 
movements between CP subunits are allowed (Fig. 6.2c–d), and this is the structural 
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Fig. 6.2 Structure of two flexible filamentous plant viruses belonging to different families. (a) 
CryoEM micrograph field of a WMV (family Potyviridae) sample, together with the rendering of 
the cryoEM map (EMD-3785) for the virion depicted blue (Zamora et al. 2017). (b) An electron 
micrograph field for a sample with PepMV (family Alphaflexiviridae) virions is shown, and the 
corresponding cryoEM map (EMD-3236) rendered in red (Agirrezabala et  al. 2015). (c) 
Representation of the atomic models (pdb code 5ODV) of several CPs from WMV as seen in the 
virion. The atomic coordinates are seen in ribbons with different blue colors for each subunit. One 
of the CP monomers is depicted as a solid surface. (d) Similar depiction for the atomic models of 
CPs subunits of PepMV (pdb code 5FN1) shown in red. (e) Two views of the atomic model of the 
CP from WMV including a fragment of ssRNA. (f) The atomic coordinates for the CP from 
PepMV are depicted in similar orientations as in (e)
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basis for the flexible nature of the virions (Zamora et al. 2017; DiMaio et al. 2015; 
Agirrezabala et al. 2015). Essentially, the C-terminal arm contributes to the oligo-
merization between CP subunits at different turns of the helix, i.e., the axial or 
longitudinal assembly. In all the cases, a final segment of the N-terminal end of the 
CPs is missing in the atomic models due to its high flexibility. A significant differ-
ence is seen in the role of this N-terminal arm. While in potexviruses the N-terminal 
of one CP interacts with the next subunit in side-by-side contact (Fig. 6.2d) (DiMaio 
et al. 2015; Agirrezabala et al. 2015), in the potyvirus, a longer N-terminal segment 
bridges the next subunit in the helix, and by a sharp turn, also interacts with another 
CP copy at adjacent turn (Fig. 6.2c) (Zamora et al. 2017), displaying a dual role 
supporting side-by-side and axial polymerization.

 Structural Homology Between CPs from Flexible Filamentous 
Plant Viruses

Remarkably, despite the low sequence identity between CPs from two different 
families (Potyviridae and Alphaflexiviridae), their 3D fold is almost identical 
(Fig. 6.2e–f) with rmsd values at the core of the protein (excluding flexible N- and 
C-terminal arms) bellow 3 Å (Zamora et al. 2017), and all the essential alpha-helical 
elements of their structure superimpose (Fig. 6.3). Thus, at least for these two fami-
lies, their CPs are clear structural homologues, which suggest that a gene transfer 

Fig. 6.3 Comparison of 
the CP structure from 
WMV and PepMV. The 
ribbon representation for 
WMV CP (pdb code 
5ODV (Zamora et al. 
2017)) is depicted in 
rainbow colors. The atomic 
structure for PepMV CP 
(pdb code 5FN1, 
(Agirrezabala et al. 2015)) 
is seen in gray ribbons. 
The 3D alignment between 
both structures was 
performed in Matras 
(Kawabata 2003). The 
numbers indicate the 
residue number at the N- 
and C-terminal ends of 
both atomic coordinates
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occurred at some time between families that are distant with regard to other genetic 
elements and characteristics.

 Conserved RNA-Binding Site

In both, potexviruses and potyviruses, the CP in the virion binds to five nucleotides 
of the ssRNA in a very similar mode (Zamora et  al. 2017; DiMaio et  al. 2015; 
Agirrezabala et  al. 2015). Although the density for the ssRNA in those cryoEM 
maps of virions is an average of RNA segments with different compositions, the 
signal attributed to the nucleic acid is alike in the three available density maps. The 
higher-resolution studies (Zamora et al. 2017; Agirrezabala et al. 2015) showed that 
one out of the five nucleotides bound by each CP fits in a binding pocket (nucleotide 
labeled as U4 in Fig. 6.4). Essentially, several residues from the CP interact with 
consecutive phosphates backbone groups, and the nucleoside in between goes deep 
into the binding pocket (Fig. 6.4b).

Direct comparison of the atomic models for WMV (Fig.  6.4c) and PepMV 
(Fig.  6.4d) reveals that three amino acids that participate in the ssRNA-binding 
pocket are at the same position in the CP of both viruses (Zamora et  al. 2017) 
(Fig. 6.4e). Furthermore, these serine (S), arginine (R), and aspartic (D) acid resi-
dues are universally conserved along the four families of flexible filamentous plant 
viruses (Fig. 6.5) (Zamora et al. 2017; Dolja et al. 1991), with the exception of two 
potexviruses (bamboo mosaic virus and foxtail mosaic virus) where the conserved 
arginine is substituted by histidine. Despite the lack of structures for CPs from other 
families, the high conservation of invariant amino acids suggests that the CPs from 
flexuous filamentous plant viruses display the same fold and contain a highly con-
served RNA-binding site.

 Architecture of Enveloped Viruses with Segmented (−)ssRNA 
Genomes

The members of sNSV have a common overall design that includes the presence of 
an envelope that protects a variable number of ribonucleoproteins (RNPs) inside 
(Fig. 6.6). The envelope is taken from the host cell membrane by budding (Lyles 
2013) and contains viral glycoproteins that have different roles during the viral 
cycle. The shape of the virions ranges from pleomorphic (Arenaviridae) to spherical 
and/or elongated (Orthomyxoviridae and Bunyaviridae). Most of the representa-
tives infect animals, with the exception of plant-infecting tospoviruses 
(Bunyaviridae). Several bunyaviruses and arenaviruses are present in rodents and 
arthropods and occasionally infect humans in outbreaks of hemorrhagic fever and 
encephalitis-related diseases. Family Orthomyxoviridae includes well-known influ-
enza viruses that have a large impact in human health. Influenza representatives 
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infect birds and mammals and are transmitted by aerosols between humans. The 
nucleoproteins of sNSV are associated to the genomic segments and the RdRp in 
nucleocapsids of dissimilar morphologies (Ruigrok et al. 2011). These nucleopro-
teins are mainly helical globular with a positively charged groove for RNA binding 
(Reguera et  al. 2014), but no structural homology has been described between 
nucleoproteins of different families.

Large part of the structural information in Orthomyxoviridae family has been 
obtained for influenza A virus. Nucleoproteins of influenza virus polymerize 
through the insertion of a loop into the neighboring subunit (Ye et al. 2006). In the 
constructed RNPs, the ssRNA is in closed conformation, and the viral RdRp binds 
both RNA ends. CryoET analysis of influenza virions showed the presence of heli-
cal RNPs inside the virus (Fig.  6.6a), and cryoEM of isolated RNPs revealed a 
 double-helical architecture with two antiparallel strands of nucleoproteins 
(Fig. 6.6b) (Arranz et al. 2012). For bunyaviruses (RVFV is used as a representa-

Fig. 6.4 Conserved ssRNA-binding pocket. (a) Semi transparent depiction of one CP subunit 
from WMV (gray) segmented from the cryoEM map of the virion (EMD-3785 (Zamora et  al. 
2017)), together with the density attributed to the path of the ssRNA (in red) and the derived atomic 
model (pdb code 5ODV). (b) Close-up view of the ssRNA-binding pocket in the CP of WMV with 
some of the amino acids highlighted. (c), (d), and (e) show the regions that participate in the RNA 
binding pockets of the CP from WMV (c), PepMV (d), and a comparison between them (e). Three 
key and conserved amino acids are seen
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tive), loose and flexible RNPs (Raymond et al. 2012) are seen protected inside a 
spherical shell of glycoproteins (Fig. 6.6c) inserted in the enveloping membrane 
(Huiskonen et al. 2009; Freiberg et al. 2008). Crystallographic structures of nucleo-
proteins from bunyaviruses with and without RNA have shown several oligomeric 
states, from tetramers to hexamers (Fig.  6.6d), where side-by-side interaction 
between subunits is mediated by N- and/or C-terminal arms (Zhou et al. 2013). The 
number of ssRNA nucleotides bound by each nucleoprotein subunit can vary from 
7 as seen for RVFV (Raymond et al. 2012) up to 11 for orthobunyaviruses (Reguera 
et al. 2013; Niu et al. 2013; Dong et al. 2013; Ariza et al. 2013), one of the genus in 
the family Bunyaviridae. The structure of their native RNPs is not well known, but 
it seems to be rather flexible, ranging from loose and unstructured as in RVFV 
(Raymond et al. 2012) to different levels of helical arrangement as in La Crosse 
orthobunyavirus (Reguera et  al. 2013). The members of the family Arenaviridae 
present unique nucleoproteins. This way, the nucleoprotein of Lassa virus 

Fig. 6.5 Conservation of amino acids in the RNA-binding pocket along the families of flexible 
filamentous plant viruses. Consensus sequence logos (Crooks et al. 2004) for CPs from different 
families of flexuous filamentous plant viruses. The conserved invariant amino acids (Ser or S, Arg 
or R, and Asp or D) are highlighted in red boxes
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(Arenaviridae) displays an additional C-terminal domain with exonuclease activity 
that seems to be involved in immune suppression (Hastie et al. 2011; Qi et al. 2010).

 Structural Homology between Nucleoproteins of Eukaryotic 
ssRNA Viruses

It is clear that flexible filamentous plant viruses (at least two of the families) display 
high structural homology between their CPs, which are also nucleoproteins (Zamora 
et al. 2017). Despite the abundant structural information about nucleoproteins of 
sNSV, no structural homology was detected by direct comparison between atomic 
coordinates of nucleoproteins from different families (Ruigrok et  al. 2011). 
However, using the atomic models of CPs from flexuous filamentous plant viruses 
as structural targets, structural similarities with several nucleoproteins of sNSV 
emerged (Zamora et  al. 2017; Agirrezabala et  al. 2015). The core region of CPs 
shows structural homology with nucleoproteins of representatives from families 
Bunyaviridae (Zamora et al. 2017; Agirrezabala et al. 2015) and Orthomyxoviridae 
(Zamora et al. 2017) (Fig. 6.7). The structures share similar topology where alpha- 
helical secondary structure elements are easily aligned. Both N- and C-terminal 

Fig. 6.6 Morphology and organization of segmented (−)ssRNA viruses. (a) Rendering of a seg-
mented cryoelectron tomogram for influenza A virus (image courtesy of J. Martín-Benito) (Arranz 
et al. 2012) and a cartoon that summarizes the general features of the virion. (b) Semi transparent 
view of the cryoEM map for native influenza RNPs (EMD2205) with fitted atomic coordinates for 
its nucleoproteins (pdb code 4BBL) (Arranz et al. 2012). (c) Display that includes the representa-
tion of the cryoEM map for RVFV (EMD-5124 (Sherman et al. 2009)) and a schematic cartoon of 
the viral architecture. (d) Crystallographic structure of the hexameric form of the nucleoprotein 
from RVFV assembled with ssRNA (pdb code 4H5O (Raymond et al. 2012))
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Fig. 6.7 Structural 
homology between 
nucleoproteins of 
eukaryotic ssRNA viruses. 
The panels show ribbon 
representations for the core 
regions of nucleoproteins 
from different viruses in 
rainbow color mode (left 
side). At the right side, the 
core of the nucleoprotein 
subunit is seen green, and 
the N- and C-terminal 
extensions are red and 
yellow, respectively. Other 
subunits that interact with 
the colored ones are 
depicted gray to illustrate 
their oligomerization. The 
atomic coordinates are (a) 
WMV CP and ssRNA (pdb 
code 5ODV (Zamora et al. 
2017)); (b) PepMV CP and 
ssRNA, (pdb code 5FN1 
(Agirrezabala et al. 2015)); 
(c) in the left side, a single 
influenza virus A 
nucleoprotein subunit, (pdb 
code 3ZDP (Chenavas 
et al. 2013)), and at the 
right side, two interacting 
nucleoproteins (pdb code 
2IQH (Ye et al. 2006)); (d) 
RVFV nucleoprotein in 
complex with ssRNA, (pdb 
code 4H5O (Raymond 
et al. 2012)); (e) La Crosse 
virus nucleoprotein and 
ssRNA, (pdb code 
4BHH(Reguera et al. 
2013); (f) and TSWV 
nucleoprotein in complex 
with ssRNA, (pdb code 
5IP2 (Komoda et al. n.d.). 
The numbers indicate the 
residue number at the N- 
and C-terminal ends of the 
atomic coordinates
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ends are in similar positions, and the grooves for ssRNA binding are at the same 
location within the nucleoproteins. For the nucleoprotein of influenza virus, there is 
not any available atomic structure in complex with ssRNA, but the proposed bind-
ing site (Ye et al. 2006) aligns well with that of the other nucleoproteins (indicated 
by an arrow in Fig. 6.7c). The estimated probability that all these nucleoproteins 
(the ones displayed in Fig. 6.7 and related) belong to the same fold is above 90% 
(Zamora et al. 2017; Kawabata 2003). In essence, there is a clear fragment of about 
150 residues that shares the same fold in nucleoproteins of different ssRNA viruses, 
and each of these proteins has additional regions of variable length at N- and 
C-terminal ends. There is no significant structural homology with nucleoproteins 
from family Arenaviridae, although as mentioned earlier, their nucleoproteins have 
adopted an additional domain and might have diverged from a similar fold.

The oligomerization of these nucleoproteins takes place through interactions via 
N- and C-terminal arms (right panels in Fig.  6.7), although the final multimeric 
RNPs have different arrangements (from loose to full helical). Remarkably, the 
N-terminal arm oligomerization modes between nucleoproteins in potexviruses 
(family Alphaflexiviridae) and phlebovirues (family Bunyaviridae) are comparable 
and use the same groove in the neighboring subunit to receive the N-terminal arm 
(Agirrezabala et al. 2015). Nucleoproteins of influenza viruses are a clear exception, 
since a folded and large C-terminal region (depicted yellow in the right panel of 
Fig. 6.7c) contributes to oligomerization by the insertion of an internal loop in the 
adjacent subunit (Arranz et al. 2012; Ye et al. 2006).

 Evolutionary Implications

Structural homology between proteins is usually understood as an indication of 
common evolutionary origin (homology) rather than the product of convergent evo-
lution (analogy). This is based on the observation that the structure of proteins is 
more conserved than their sequence of amino acids (Illergard et al. 2009) and that 
convergent evolution of protein domains is a rare event (Gough 2005). In the current 
matter, the structural similarity between nucleoproteins is further supported by their 
role as viral proteins that bind and protect ssRNA genomes. It can be presumed that 
the genes of nucleoproteins from flexible filamentous plant viruses and from at least 
two families of sNSV share a common ancestor (Fig. 6.8). The homology between 
these two sets of viruses was not anticipated until atomic structures for the first 
group (the flexuous plant viruses) were available (Zamora et al. 2017; Agirrezabala 
et  al. 2015). This suggests that the structure of flexible filamentous plant virus 
nucleoproteins displays a fold closer to a common ancestor protein and that their 
homology with nucleoproteins of sNSV is still recognized. However, nucleopro-
teins from sNSV are diverse and show lower levels of structural homology between 
them. This is an indication of a higher structural divergence within sNSV 
nucleoproteins.
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The evolution of RNA viruses is hard to unveil, and in the current scenario, we 
do not known how the nucleoprotein gene has spread along several families of 
ssRNA viruses. Some viral evolutionary mechanism such as cross-species transmis-
sion (Geoghegan et  al. 2017) and transfer of genes between virus and host 
(Aiewsakun and Katzourakis 2015) have recently been acknowledged as frequent 
events. For instance, CP sequences from potato virus Y (PVY, a potyvirus) have 
been found in the genomes of grapevines, probably after nonhomologous recombi-
nation with retrotransposable elements (Tanne and Sela 2005). In the same line, 
genomic sequences from bunyaviruses and orthomyxoviruses have been found as 
endogenous viral elements in insects and crustaceans (Theze et al. 2014; Ballinger 
et al. 2013; Katzourakis and Gifford 2010). Importantly, RNA sequencing works 
have found a large genomic diversity of RNA viruses and related sequences in 
invertebrates (Shi et al. 2016; Li et al. 2015). The phylogenetic analysis of these 
viromes reveals frequent recombination, gene transfer events, and genetic reassort-
ments. Invertebrates, specially insects, play a central role as vectors for several of 
the ssRNA viruses discussed in this chapter and might have provided a niche for an 
evolutionary explosion of eukaryotic RNA viruses (Koonin et al. 2015).

Regardless of the evolutionary mechanisms that transferred the nucleoprotein 
gene, there are some general trends that might explain the current diversity of mor-
phologies in these viral families. Naked and filamentous forms are linked to plant- 

Fig. 6.8 Landscape for putative evolution of nucleoproteins in ssRNA viruses. The two sets of 
viruses are segregated in two main groups, naked and plant viruses (left) and enveloped and animal 
viruses (right). Their nucleoproteins are represented by a green circle, and the N- and C-terminal 
extensions are depicted red and yellow, respectively. In the nucleoprotein (or CP) of flexible fila-
mentous plant virus, the star indicates the conserved RNA-binding site. LCA: last common 
ancestor
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infecting viruses (Fig.  6.8), while enveloped viruses are essentially animal 
pathogens, with the exception of tospoviruses (within the groups discussed in this 
chapter). There is a clear relationship between the presence of a cell wall in the host 
cell and the lack of viral envelope (Buchmann and Holmes 2015). Also, the need to 
cross the narrow plasmodesmata between plant cells during infection favors fila-
mentous versus spherical virions in plant viruses (Hong and Ju 2017). It is possible 
that the naked nucleoproteins from flexuous plant viruses undergo functional restric-
tions that limit their structural variation and they conserve a very close fold and a 
specific RNA-binding site. Nucleoproteins from sNSV, however, are protected 
inside the membranous envelope and have explored a wider structural landscape 
and several oligomerization strategies.
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