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INTRODUCTION
Viruses are the smallest biological entities with protein coding capacity and
with the ability to determine their own replication. Nevertheless viruses are
obligatory intracellular parasites that do not encode their own translation
apparatus. Viruses take control of the host cell and its processes through various
molecular interactions to facilitate replication and the reproduction of progeny
viruses. Since they require a cellular organism for reproduction viruses coevolve with their hosts(s) forming distinct pathosystems. Different groups of
viruses have a quite diverse molecular composition, size, genome size and
shape. A virus exists and survives outside the host organism in a well defined
molecular complex named virion, which contains the genome of the virus and all
necessary proteins for the invasion of its host. A protective layer is formed
around the genome and viral proteins by the structural component(s) of the
virion. Capsid or coat protein(s) (CP) is the major component of this layer.
Sobemovirus is a genus of small spherical plant viruses with a positive-sense
single-stranded RNA genome. Like few other genera, Sobemoviruses have a
viral protein genome-linked (VPg) covalently attached to the 5' end of the viral
RNAs. Thus, sobemoviral virions consist of CP, viral RNA and VPg.
The VPg proteins of other virus genera have been demonstrated to be
involved in various stages of viral infection cycle. The VPg occupies a position
filled by the cap structure in case of cellular messenger RNAs and is covalently
linked to the viral RNA. Therefore, for at least some viruses the VPg has been
shown to be involved in translation of viral RNA. However, other viruses utilize
different mechanisms for translation and the VPg is used as a primer for viral
RNA synthesis. Although some amount data about the functions of sobemoviral
VPgs are available, majority of important biochemical aspects of these proteins
have not been characterized.
Usually viral proteins are multifunctional and the CP is no exception. Besides
being the building blocks of the virion, CPs of different viruses have been
demonstrated to be involved in most steps of viral infection. These include
vector transmission, host cell entry together with the disassembly, viral RNA
translation, suppression of host defenses, viral genome replication, assembly of
progeny viruses and movement. The virion structures of several sobemoviruses
have been determined and virion formation is quite well understood. However,
the other possible CP functions are unknown.
The goal of the present study was to further characterize VPg processing
from the polyprotein and to identify the amino acid residues used for VPg-RNA
linking of several sobemoviruses. Another part of this study focuses on
unraveling the roles of Cocksfoot mottle virus CP during virus replication and
movement.
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ABBREVIATIONS
ARM
BMV
BSSV
CfMV
CMV
CnMoV
CP
CRE
CyRSV
dpi
EGFP
eIF
GCFV
IRES
IYMV
LTSV
MP
mRNA
NLS
ORF
P1
P10
P2a
P2ab
P8
PCR
PLYV
PRF
Pro
PVA
R domain
RGMoV
RNA
RNAi
RNP
RoMoV
RT-PCR
RYMV

arginine-rich motif
Brome mosaic virus
Blueberry shoestring virus
Cocksfoot mottle virus
Cucumber mosaic virus
Cynosurus mottle virus
viral coat protein
cis-active RNA element
Cymbidium ringspot virus
days post inoculation
enhanced green fluorescent protein
eukaryotic translation initiation factor
Ginger chlorotic fleck virus
internal ribosomal entry site
Imperata yellow mottle virus
Lucerne transient streak virus
movement protein
messenger RNA
nuclear localization signal
open reading frames
protein encoded by ORF1
10 kDa protein processed from the C-terminal part of SeMV
P2a
protein encoded by ORF2a
protein encoded by ORF2a and ORF2b utilizing -1 PRF
8 kDa protein processed from the C-terminal part of SeMV
P2a
polymerase chain reaction
Papaya lethal yellowing virus
programmed ribosomal frameshift
protease
Potato virus A
random domain
Ryegrass mottle virus
ribonucleic acid
RNA interference
ribonucleoprotein
Rottboellia yellow mottle virus
reverse transcriptase PCR
Rice yellow mottle virus
9

S domain
SBMV
SCMoV
SCPMV
SeMV
sgRNA
siRNA
SMAMV
SNMoV
SoMV
ssRNA
TBSV
TRoV
UTR
VPg
VTMoV
wt

shell domain
Southern bean mosaic virus
Subterranean clover mottle virus
Southern cowpea mosaic virus
Sesbania mosaic virus
subgenomic RNA
small interfering RNAs
Snake melon asteroid mosaic virus
Solanum nodiflorum mottle virus
Sowbane mosaic virus
single-stranded RNA
Tomato bushy stunt virus
Turnip rosette virus
untranslated region
viral protein genome-linked
Velvet tobacco mottle virus
wild-type
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1. REVIEW OF THE LITERATURE
1.1 Sobemoviruses
The genus Sobemovirus comprises of plant viruses that have an icosahedral
virion with an approximate diameter of 25-30 nm (Tamm and Truve, 2000b;
Truve and Fargette, in press). The virions are assembled from 180 molecules of a
single CP of about 26-31 kDa according to T = 3 symmetry. The genome of
sobemoviruses is one single-stranded positive-sense RNA molecule of
approximately 4-4.5 kb in length. The genome has a viral protein genome-linked
(VPg) covalently attached to the 5' end of the RNA and the 3' end does not have
a poly(A) tail.
According to the 9th report of the International Committee on Taxonomy of
Viruses sobemoviruses are recognized as genus but have not been assigned to
any family (Truve and Fargette, in press). Currently there are 13 viruses assigned
to the genus, these are: Blueberry shoestring virus (BSSV), Cocksfoot mottle
virus (CfMV), Lucerne transient streak virus (LTSV), Rice yellow mottle virus
(RYMV), Ryegrass mottle virus (RGMoV), Sesbania mosaic virus (SeMV),
Solanum nodiflorum mottle virus (SNMoV), Southern bean mosaic virus
(SBMV), Southern cowpea mosaic virus (SCPMV), Sowbane mosaic virus
(SoMV), Subterranean clover mottle virus (SCMoV), Turnip rosette virus
(TRoV), Velvet tobacco mottle virus (VTMoV). In addition, there are 5 tentative
species in the genus, which are Cynosurus mottle virus (CnMoV), Ginger
chlorotic fleck virus (GCFV), Imperata yellow mottle virus (IYMV), Papaya
lethal yellowing virus (PLYV) and Snake melon asteroid mosaic virus
(SMAMV). Rottboellia yellow mottle virus (RoMoV) has previously been
proposed as a tentative member (Hull and Fargette, 2005), and is indeed most
likely a separate species (Sõmera, personal communication).
Although sobemoviruses are spread all over the world and infect hosts from
mono- and dicotyledon plant species, the individual host range of each virus is
considered relatively narrow (Sõmera, 2010; Tamm, 2000).
Many sobemoviruses are transmitted by seeds, most have an insect vector,
but the main source of spread is due to mechanical transmission (Traoré et al.,
2008). Different species of aphids, beetles, grasshoppers, mirids and leafhoppers
have been shown to be vectors of sobemoviruses (Sõmera, 2010; Tamm, 2000).
1.1.1 Genome organization and expression
The genomes of sobemoviruses contain four open reading frames (ORF)
(Figure 1) (Meier and Truve, 2007). The 5' proximal ORF1 encodes the protein
P1. As the 5' end of the genome does not contain a cap structure but VPg, the
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mechanism of P1 translation initiation is currently not entirely clear. The VPg of
RYMV has been shown to interact with eukaryotic translation initiation factor
(eIF) eIF(iso)4G (Hébrard et al., 2006; Hébrard et al., 2010). It has been
proposed that this interaction serves for ribosome recruitment (Hébrard et al.,
2010). However, it has also been shown that the 5' UTR of CfMV operates as a
translational enhancer and might contain an internal ribosomal entry site (IRES)
(Mäkeläinen, 2006).
The central part of the genome contains two overlapping ORFs, ORF2a and
ORF2b, which encode the polyprotein. Historically sobemoviruses were divided
into two groups based on differences in the organization of the central part of the
genome. However, re-sequencing has proved that all sobemoviruses have similar
organization which includes ORF2a and ORF2b (Meier and Truve, 2007). The
AUG codon of the ORF1 of sobemoviruses is in poor context for optimal
translation initiation, while the AUG ORF2 is in good context. The translation
initiation of ORF2 of SCPMV has been analyzed in detail (Sivakumaran and
Hacker, 1998). The introduction of upstream initiation codons or mutating the
ORF1 initiation codon context to more favorable one reduced protein synthesis
from ORF2a, while the deletion of the AUG of ORF1 increased translation from
ORF2a. These results rule out an IRES in the vicinity of ORF2a AUG and
suggest that translation of ORF2a is initiated by scanning ribosomes that have
missed the AUG of ORF1 due to its poor context, i.e. leaky scanning. ORF2b is
expressed as a fusion product of P2ab through – 1 programmed ribosomal
frameshift (PRF) mechanism (Mäkinen et al., 1995a). -1 PRF is in general
regulated by two RNA regions, a heptamer slippery sequence and a downstream
secondary structure element, either a pseudoknot or a stem-loop. For
sobemoviruses these elements were first discovered in the genome of CfMV,
which has a UUUAAAC slippery sequence shortly followed by a putative stemloop structure (Mäkinen et al., 1995a). CfMV has been shown to utilize -1 PRF
for the synthesis of the polyprotein and the PRF efficiency has been
demonstrated to be around 10% (Tamm et al., 2009; Lucchesi et al., 2000;
Mäkeläinen and Mäkinen, 2005; Mäkinen et al., 1995a). The P2a polyprotein
contains the domains of protease (Pro), VPg, P10 and P8, whereas the fusion
P2ab contains Pro, VPg and the RNA-dependent RNA polymerase (RdRp) (Nair
and Savithri, 2010b).
The 3’ proximal ORF3 expresses the viral CP from its corresponding
subgenomic RNA (sgRNA) (Ghosh et al., 1981; Rutgers et al., 1980). The 5'
ends of SBMV and SCPMV sgRNAs have been identified and they start with the
primary sequence ACAAAA, which is identical to the 5' end of their respective
genomes (Hacker and Sivakumaran, 1997). Based on the identity to 5' genomic
sequence the sgRNA start sites can be predicted for several other members of the
genus, but not for all sobemoviruses (Tamm and Truve, 2000b). Similarly to
ORF1, the introduction of upstream AUG to the 5' UTR of SCPMV sgRNA
12

reduced CP translation, which indicated that the translation occurs by scanning
rather than via IRES (Hacker and Sivakumaran, 1997).

Figure 1. Genome organization of sobemoviruses

An ellipse notes the covalently attached VPg at the 5' ends of the genomic and
subgenomic RNAs. Boxes correspond to open reading frames (ORF) with the
according protein names indicated within. P1 – RNA silencing suppressor; viral
polyprotein domains Pro – protease, VPg – viral genome linked protein, P10, P8
and RdRp – RNA-dependent RNA-polymerase; CP - viral coat protein. The -1
programmed frameshift signal is indicated with a tick in the beginning of the
ORF2b coding for RdRp.

13

1.1.2 Sobemoviral P1 and polyprotein
P1
The ORF1 region which encodes the P1 proteins is the most variable part of
sobemovirus genomes (Sõmera, 2010; Tamm and Truve, 2000b). The P1s lack
any sequence similarity with other viral or non-viral proteins at both nucleotide
as well as amino acid levels. The molecular weights of P1 proteins range from
11 to 25 kDa. CfMV P1 has been reported to bind ssRNA in a sequencenonspecific manner (Tamm and Truve, 2000a). RYMV and CfMV P1s have been
reported to be suppressors of RNA interference (RNAi) (Lacombe et al., 2010;
Sarmiento et al., 2007; Siré et al., 2008; Voinnet et al., 1999). CfMV P1
suppressed both local and systemic RNAi, however the suppression mechanism
remained unknown as it did not bind double stranded small interfering RNAs
(siRNA) (Sarmiento et al., 2007). It is interesting that for RYMV P1 both
suppression and activation of RNAi has been demonstrated (Lacombe et al.,
2010). Due to the availability of large number of different isolates, the role of
RYMV P1 in RNAi has been studied extensively. Previously, RYMV P1 cell-tocell movement ability was reported to be in correlation with the efficiency of
silencing suppression (Siré et al., 2008). Later it was demonstrated that RYMV
P1 can also enhance the short- and long-distance spread of silencing (Lacombe
et al., 2010). Transgenic rice expressing RYMV P1 demonstrated specific
deregulation of DCL4-dependent siRNA pathway in the host (Lacombe et al.,
2010). According to this RYMV P1 probably suppresses RNAi through
inhibition of DCL4 RNAi pathway. Recently it was shown that SeMV P1
interacts with other viral proteins such as VPg, P10 and CP (Chowdhury and
Savithri, 2011; Roy Chowdhury and Savithri, 2011).
It has also been speculated that the P1 proteins are the movement proteins
(MP) of sobemoviruses. The P1s of RYMV, SCPMV and CfMV have indeed
been demonstrated to be dispensable for virus replication but indispensable for
virus movement (Bonneau et al., 1998; Meier et al., 2006; Sivakumaran et al.,
1998). Interestingly, the movement disability was complemented in trans, as
RYMV mutant lacking P1 produced systemic infection in transgenic rice plants
that expressed RYMV P1 (Bonneau et al., 1998). In addition, the CfMV P1
fusion to enhanced green fluorescent protein (EGFP) has been shown to be
capable of limited movement between epidermal cells, when expressed
transiently independent of other viral proteins (Meier et al., 2006). However,
currently it is not clear whether the P1 contributes to the virus trafficking as a
suppressor of RNAi or/and as an MP.
Polyprotein
Historically the first sobemoviral polyprotein domain was identified by
sequence comparisons when the SCPMV polyprotein sequence was found to
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contain a putative serine protease (Gorbalenya et al., 1988). The protease
cleavage specifity was proposed based on the known specificities of viral
proteases and SCPMV sequence to be between E/T or E/S (Gorbalenya et al.,
1988). By in silico analysis the domains for VPg and RdRp were also proposed
in their respective parts of P2a and P2ab (Mäkinen et al., 1995b).
SeMV is currently the only sobemovirus for which in vitro polyprotein
processing is fully characterized (Nair and Savithri, 2010b). The SeMV P2a
domain order has been identified to be Pro-VPg-P10-P8, whereas the frameshift
fusion product P2ab contains the domains of Pro-VPg-RdRp. The N-terminus of
SeMV Pro has been predicted to contain transmembrane helixes (Satheshkumar
et al., 2004a). SeMV protease has been reported to be activated through
hydrophobic interactions with the flanking VPg domain (Nair et al., 2008;
Satheshkumar et al., 2005a). SeMV protease can cleave the polyprotein either
between E/T or E/S residues. Based on the analysis of processing sites, the
proposed SeMV Pro specificity is N,Q-E/T,S-X, where X is an aliphatic residue
(Nair and Savithri, 2010b). The VPg N-termini of SBMV, CfMV and RYMV
have been determined to be cleaved between E/T, E/N and E/S residues,
respectively (Hébrard et al., 2008; Mäkinen et al., 2000; van der Wilk et al.,
1998). In addition to cleavage between each domain, the SeMV polyprotein P2a
is cleaved also between the core protease domain and the hydrophobic Nterminal membrane anchoring domain of the protease (Nair and Savithri,
2010b). This cleavage site upstream of the Pro core domain can also be predicted
for other sobemoviruses (Mäkinen et al., 2000). Furthermore, it seems that the
cleavage of the N-terminal hydrophobic part of protease is required for the
maturation and efficient full processing of the polyprotein, since mutation of that
cleavage site abolishes cleavage between P10 and P8 domains (Nair and
Savithri, 2010b). The in vitro cleavage between Pro and the N-terminal
anchoring domain of P2ab was rather slow, which may indicate the relevance of
this particular processing site mainly for the regulation of P10 and P8
processing. In addition, cleavage of P2a between N-terminal – Pro and P10 - P8
domains took place only in cis, which may indicate the requirement of these
processing events at early stages of infection when there is not enough
polyprotein for efficient trans cleavage. Processing of SeMV P2ab suggests that
the protein is first cleaved between Pro and VPg domains releasing VPg-RdRp,
which is not cleaved further in vitro. However, VPg present at the N-terminus of
RdRp has been shown to have inhibitory effect on the in vitro polymerase
activity of RdRp (Nair and Savithri, 2010a). The only information about the
polyprotein processing of other sobemoviruses comes from the analysis of the
VPgs (see below).
Protease. Gorbalenya et al. (1988) have proposed that the SCPMV protease
is probably a serine protease with the catalytic triad H181, D216 and S284.
These amino acid residues are also conserved in all other sobemoviruses. The
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crystal structure of the protease domain of SeMV has been determined at a
resolution of 2.4 Å (Gayathri et al., 2006). The 3D structure of SeMV was found
to be closer to cellular serine proteases than to other viral proteases. The SeMV
protease domain belongs to the family of trypsin-like serine proteases. The
protein consists of two β-barrels connected by a long loop. The active site and
the substrate binding cleft occur between the two domains and are fairly
exposed. There are only three helices in the structure. The catalytic triad residues
H181, D216 and S284 indeed form the active site. It has been demonstrated that
the mutation of any of the active site residues to alanine rendered the protease
inactive (Satheshkumar et al., 2004a). Residues T279, A280, H298, F301 and
N308 form the proposed substrate binding S1 pocket (Gayathri et al., 2006).
Residues T279, H298 and N308 are conserved among the primary sequences of
sobemovirus proteases. The mutation of the residues H298, T279 and N308 and
the analysis of cis cleavage revealed that T279A and H298A mutants were
inactive, while the N308A mutant was partially active, suggesting that the
interactions of T279A and H298A with the substrate glutamate are crucial for the
E/T,S cleavage. The structure revealed a stretch of aromatic amino acids exposed
on the surface of the protease, which was presumably a protein–protein
interaction interface. Indeed, it was later demonstrated that W271 and H275 of
the Pro domain mediate aromatic stacking interactions with W43 of VPg which
activate protease (Nair et al., 2008). This regulation is proposed to be required
for modulating the function of the protease. Interestingly, H275 is conserved
across the proteases of sobemoviruses.
VPg. The genomes of SBMV and SCPMV were the first sobemoviruses for
which the 5' end of the genome was determined to be linked to a protein (Ghosh
et al., 1981; Mang et al., 1982). Since then the same has been demonstrated for
CfMV, SeMV and RYMV (Hébrard et al., 2008; Lokesh et al., 2001; Mäkinen et
al., 2000). All sequenced sobemoviruses contain the VPg domain, however there
is little similarity between the sequences. The only conserved motif among the
sequences is the WAD/WGD/WNK motif followed by an E/D rich region
(Mäkinen et al., 2000; McGavin and MacFarlane, 2009). The VPgs of SeMV
and RYMV have been demonstrated to be intrinsically unfolded/disordered
proteins (Hébrard et al., 2009b; Satheshkumar et al., 2005a). Disordered
proteins, that lack a uniform structure, exist in solution in a variety of
conformations, but they still have the propensity to form more rigid structures
upon stabilization (Hébrard et al., 2009b). RYMV VPg has been demonstrated to
contain some residual structured regions while clearly containing disordered
regions. An unfolded nature can also be predicted for other sobemoviral VPgs,
including CfMV, SBMV and RGMoV (Hébrard et al., 2009b).
Although VPg has been demonstrated to be linked to viral RNA, its role in
the replication of sobemoviruses is unknown. Yet, RYMV VPg has been
identified to be the virulence factor (Hébrard et al., 2006). It has been proposed
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and demonstrated that RYMV VPg interacts directly with the central domain of
eIF(iso)4G (Hébrard et al., 2008; Hébrard et al., 2006; Hébrard et al., 2010). It
has been proposed that the central part of the VPg adopts a helical structure upon
the interaction with eIF(iso)4G (Hébrard et al., 2009b; Hébrard et al., 2008).
Mutations in eIF(iso)4G1 correspond to several described RYMV resistance
alleles. However, the resistance of these alleles can be “broken” by mutations in
the VPg (Hébrard et al., 2006). The evolution of most resistance breaking
RYMV strains resulted in the fixation of the same VPg mutations, predominantly
at codon 48 (Pinel-Galzi et al., 2007). The position 48, which corresponds to R
in avirulent isolates, is occupied by G, I or E in virulent isolates. The virulence
mutations occurred according to several different mutational pathways. Most
prevalently R48 was displaced by glycine in the first step to become fixed at
glutamic acid in the second step. The virulent variants have been suggested to
emerge from a residual multiplication of wild-type (wt) isolates in resistant
plants. The virulent isolates with the E48 mutation restored the optimal
multiplication level in resistant plants, whereas the I48 and G48 mutations
displayed intermediate level of accumulation (Poulicard et al., 2010). Interaction
analysis of VPg variants and eIF(iso)4G1 variants have demonstrated that the
mutation in eIF(iso)4G1 reduces the interaction with R48 VPg, whereas the
resistance breaking mutations (48G/I/E) improve (G/I) or restore (E) the
interaction (Hébrard et al., 2010). The interaction strength was in correlation
with the level of virus accumulation. Although the exact biological role of this
interaction has not been demonstrated, it has been proposed as a strategy to
recruit the translation initiation complex. According to this theory the VPg
substitutes the role of the cap structure in translation. It is interesting to note that
the VPg of SeMV has been demonstrated to interact with P1 (Roy Chowdhury
and Savithri, 2011).
P10 and P8. The function(s) of the C-terminal part of P2a polyprotein are
poorly understood. Recently it was demonstrated for SeMV that the domain is
processed to two small proteins, P10 and P8 (Nair and Savithri, 2010b). The P8
domain, like VPg, was found to be natively unfolded (Nair and Savithri, 2010a).
In addition it was demonstrated that P8 could bind single- and double-stranded
nucleic acids. Interestingly, P10–P8 fusion, but not P8 alone, was reported to
exhibit Mg2+-dependent ATPase activity, that was inhibited in the presence of
poly(A) (Nair and Savithri, 2010a). In the absence of P8, the ATPase activity of
the P10 was reduced suggesting that the natively unfolded P8 domain influenced
the P10 ATPase. The P8 has also been predicted to contain a nuclear localization
signal (NLS) (Nair and Savithri, 2010a). The meaning of these properties of P8
and P10 in the virus infection cycle is unknown. In addition, the P10 of SeMV
has been demonstrated to interact with P1 (Roy Chowdhury and Savithri, 2011).
RdRp. The viral replicase was predicted to be a located at the C-terminal part
of the P2ab by sequence comparisons (Koonin, 1991; Koonin and Dolja, 1993).
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All sobemoviral sequences contain the GDD motif highly conserved among viral
RdRps. Currently the properties of SeMV RdRp have been analyzed in more
detail (Govind and Savithri, 2010). The SeMV RdRp domain, expressed and
purified from E. coli, was determined to be an active RNA polymerase. The
recombinant RdRp was capable of initiating minus strand RNA synthesis from
the genomic RNA or sgRNA template in the absence of the putative protein
primer VPg. In vitro the RdRp also failed to nucleotidylate the VPg. Mutation of
the conserved GDD to GAA abolished synthesis activity. Similarly to other
recombinant viral RdRps, the activity was dependent on Mg2+ ions and was
enhanced several fold by Mn2+ ions. The method of initiation was determined to
be de novo synthesis and not template priming. However, SeMV RdRp showed
preference for structured viral RNA templates and was inactive on
homopolymeric RNA templates. Furthermore, a stem-loop structure at the 3′ end
of the SeMV positive strand RNA and sgRNA template was shown to be
important for RNA synthesis. The mutational analysis of the required stem-loop
structure showed that the structure is more important for initiation than the
sequence. Further analysis showed that the SeMV RdRp was capable of
recognizing stem-loop structures of various lengths and forms, which suggested
that the RdRp is flexible enough to recognize different conformations. It is
interesting that SeMV RdRp was also able to initiate the synthesis of the positive
strand independent of VPg, but at a significantly reduced level. This suggests
that in vivo the RNA synthesis of at least the sense strand might be primerdependent or requiring other viral/host factors.
1.1.3 CP and the virion
Structure. The crystal structures of the virions of several sobemoviruses
have been determined. These are SCPMV (Abad-Zapatero et al., 1980), SeMV
(Bhuvaneshwari et al., 1995), RYMV (Qu et al., 2000), CfMV (Tars et al., 2003)
and RGMoV (Plevka et al., 2007). The CP primary sequences of these viruses
have the identity from 12 to 30%, not taking into account two very closely
related SeMV and SCPMV with 63% of identity (Plevka et al., 2007). The 3D
structures of their virions, however, were nearly identical, root mean square
deviations between superimposed backbone C-α atoms being roughly 1.4 - 1.9
Å. The monomers of the CP have an 8 strand anti-parallel jellyroll β-sandwich
topology, which is common to most nonenveloped icosahedral viruses.
Sobemoviruses have a capsid arrangement with icosahedral T = 3 quasisymmetry in which the 60 icosahedral asymmetric units consist of three
chemically identical copies of the coat protein, which are designated A, B and C.
The A subunits form pentamers around the icosahedral fivefold axis and three of
each of the B and C subunits cluster into hexamers around the threefold axis.
The pentamers and hexamers differ significantly in shape, hexamers being
18

generally planar and pentamers substantially bent. In addition, the subunit
contacts between AB, BC and CA are stabilized by cation binding pockets,
which contain Ca2+ ions.
The CP can be divided into two domains, the C-terminal S (shell) domain,
which has the jellyroll β-sandwich topology, and the N-terminal R (random)
domain buried within the virion. The R domain is disordered in subunits A and
B, but is partially structured in subunit C. The S domain is the building block of
the virion, whereas the R domain is involved in the regulation of the capsid
structure and is presumably in contact with RNA. Despite very similar overall
virion structures, two different structures of the R domain in the C subunit of
sobemoviral virions have been found. In SCPMV, SeMV and RGMoV the Nterminus of subunit C makes a turn and extends toward the threefold axis nearest
to C where it makes a β-structure together with R domains from analogous C
subunits. In RYMV and CfMV there is no turn, instead the N-terminal arm of
subunit C extends towards subunit B and makes a similar structure at the distal
threefold axis closest to subunit B. In general, the virion of RGMoV is slightly
smaller than virions of other sobemoviruses and more identical to Tobacco
necrosis virus (TNV), a necrovirus belonging to the Tombusviridae family,
which has a remarkably similar CP and virion structure to all sobemoviruses.
Although the virion also contains the viral RNA and VPg, they are not visible in
the crystal structures.
Virion formation. When the entire R domain of SCPMV or SeMV CP was
removed, only T = 1 particles were formed (Lokesh et al., 2002; Savithri and
Erickson, 1983). In these T = 1 particles all contacts between the subunits were
bent and the particle comprised of only A subunits clustering similarly to the
fivefold axis of wt particle. There is further evidence suggesting that the virion
assembly could be nucleated at fivefold axes since pseudo T = 2 SeMV particles
comprised of AB dimers arranged similarly to the icosahedral fivefold axes of T
= 3 particles (Lokesh et al., 2002). Furthermore, a single point mutation at the
fivefold interface of the virus arrested assembly and resulted in stable soluble
AB dimers (Pappachan et al., 2009).
The R domain of all sobemovirus CPs is rich in basic amino acid residues
and contains an arginine-rich motif (ARM). Studies with SCPMV and SeMV CP
have demonstrated that the ARM is essential for RNA encapsidation but not for
particle formation (Erickson and Rossmann, 1982; Lokesh et al., 2002;
Satheshkumar et al., 2005b). Although the presence of RNA enhanced the
overall stability of capsids, RNA encapsidation was not required for particle
assembly. Also, the role of the metal ion binding sites on virion assembly has
been assessed (Sangita et al., 2004; Satheshkumar et al., 2004b). Mutational
analysis of residues involved in Ca2+ site formation of SeMV virions revealed
that the metal binding sites are not involved in assembly but rather necessary for
maintaining the stability of particles. It has been proposed for sobemovirus
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virions and also for the virions from other genera that the β-annulus structure
formed by the R domain of the C subunit is responsible for regulating the
curvature and T = 3 particle formation (Lokesh et al., 2002; Plevka et al., 2007
and references within). However, further analysis suggested that the β-annulus
structure could form as a result of virion formation and is not required for T = 3
SeMV particle formation (Pappachan et al., 2008; Satheshkumar et al., 2005b).
Moreover, the latter results suggested that the curvature is sufficiently
maintained by contacts in the region downstream of the β-annulus and that
sufficient length of the N-terminus is required for the stability of these contacts.
Virion stability. The virions of sobemoviruses are stabilized by RNA–
protein, protein–protein and calcium-mediated protein–protein interactions.
Studies with TRoV, SCPMV, SeMV and RYMV particles have demonstrated that
the stability of the virions depends greatly on pH and the availability of Ca2+
ions (Brugidou et al., 2002; Hull, 1977; Sangita et al., 2004; Satheshkumar et
al., 2004b; Savithri and Erickson, 1983). Upon alkaline pH or removal of the
cations the virus particles swell and become less stable. Analysis of SeMV CP
has demonstrated that cation-mediated interactions are mainly needed for
particle stability, while RNA interactions have a smaller role in stability
(Satheshkumar et al., 2005b; Satheshkumar et al., 2004b). For RYMV and
SeMV a model of infection based on stability and subcellular
compartmentalization has been proposed (Brugidou et al., 2002; Opalka et al.,
1998; Satheshkumar et al., 2004b). After cell entry the virion is swollen by basic
pH and low Ca2+ concentration of the cytoplasm. This is required for particle
disassociation and the release of viral RNA for translation. In vitro evidence
exists that SBMV virions remain swollen or at least partially intact during
translation (Shields et al., 1989). During subsequent virus accumulation new
virions are assembled. Presumably at later stages of infection virions accumulate
to the vacuoles and other vesicles, which have acidic pH and higher Ca2+
concentration and therefore are able to form stable compact virions.
Properties of CP and role in infection cycle. In vitro experiments with
CfMV and SCPMV CPs have demonstrated that both proteins bind RNA in a
sequence non-specific manner (Lee and Hacker, 2001; Tamm and Truve, 2000a).
In addition, SCPMV CP has been demonstrated to possess sequence- or
structure-specific viral RNA binding properties as virion-derived
ribonucleoprotein (RNP) complexes were determined to be in contact with only
one specific region of the genomic RNA (Hacker, 1995). The amino acid
residues responsible for SCPMV CP RNA binding in vitro were mapped to the
N-terminal region containing the ARM (Lee and Hacker, 2001). Mutation
analysis has demonstrated that the ARM of SeMV CP is also responsible for
RNA encapsidation (Satheshkumar et al., 2005b). In addition, it has been
demonstrated that the N-terminal 30 residues of SCPMV CP could interact with
membranes (Lee et al., 2001). These 30 residues were determined to undergo a
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conformational change from a random coil to an α-helix upon interaction with
membranes. However, the biological relevance of that particular feature of
SCPMV CP is unknown. Based on sequence similarity it has been supposed that
the N-terminal region of sobemovirus CPs contains an NLS (Mäkinen et al.,
1995b; Yassi et al., 1994). The CP of SeMV has been demonstrated to interact
with P1 (Chowdhury and Savithri, 2011).
The CPs of RYMV and SCPMV have been demonstrated to be dispensable
for virus replication, but needed for virus movement (Brugidou et al., 1995;
Sivakumaran et al., 1998). Both of these viruses, devoid of CP, were able to
replicate in protoplasts. The removal of CP of SCPMV completely abolished
infectivity in plants. However, RYMV CP deletion mutant was able to
accumulate in inoculated leaves which indicated that the mutant RYMV was
probably still capable of local cell-to-cell movement. The long distance
movement of SCPMV and RYMV has been proposed to be dependent on
particle formation (Fuentes and Hamilton, 1993; Hacker and Fowler, 2000;
Opalka et al., 1998). SCPMV systemic movement has been studied in mixed
infection environments. SCPMV infection in non-systemic host has been
correlated with the lack of correct virion formation and the systemic movement
in the same host has been shown to be complemented by heterologous
encapsidation by SBMV CP (Fuentes and Hamilton, 1993). In case of RYMV
the systemic infection was detected only after virions were detected in
inoculated cells (Brugidou et al., 2002).
Analyses of the movement of unrelated viruses together with sobemoviral
CPs have also been studied. The CP of TRoV was reported to facilitate long
distance movement of red clover necrotic mosaic dianthovirus (Callaway et al.,
2004). The CfMV CP has been shown to complement to some extent the cell-tocell movement of Potato virus X CP mutants (Fedorkin et al., 2001).
The role of RYMV CP has also been assessed using transgenic plants. RYMV
accumulated at higher levels in plants expressing RYMV CP or CP mutant,
where the putative NLS was deleted, than in control plants (Kouassi et al.,
2006). These results demonstrated that the CP present in trans did not interfere
with virus replication and even enhanced virus infection. Unfortunately, the
mechanisms of enhancement have not been addressed further.
Distribution within host. Sobemovirus particles have been detected in most
cell types: mesophyll, epidermal, guard and bundle sheath cells (Chamberlain
and Catherall, 1976; Fuentes and Hamilton, 1993; Mohamed and Mossop, 1981;
Opalka et al., 1998; Rabenstein and Stanarius, 1984). Within vascular tissues
sobemoviruses particles have been found both in phloem and in xylem. RYMV,
BSSV, SoMV and SMAMV (Hartmann et al., 1973; Lecoq et al., 2011;
Lombardo et al., 1971; Urban et al., 1989) have been observed mainly in xylem.
For RYMV the virus particles have been found in xylem parenchyma and xylem
vessels while at a lesser extent also in phloem parenchyma, sieve elements of the
21

phloem and bundle sheath cells (Brugidou et al., 2002; Opalka et al., 1998).
However, based on the apparent higher accumulation of virus particles in xylem
cells, it has been proposed that RYMV utilizes xylem as the main route of
movement. Proposedly, RYMV particles accumulate in xylem cells which
undergo programmed cell death to form the tracheids. During this maturation
RYMV is released and distributed throughout the plant along with the solute.
Contrary, CfMV, SBMV and SCPMV particles have been found mostly in the
phloem of infected plants (Chamberlain and Catherall, 1976; Fuentes and
Hamilton, 1993; Morales et al., 1995; Schneider and Worley, 1959; Weintraub
and Ragetli, 1970).
In root tissue, RYMV, BSSV and CfMV have been found only in vascular
tissues (Hartmann et al., 1973; Opalka et al., 1998; Otsus et al., manuscript).
RYMV and BSSV virions were detected in xylem while CfMV was detected in
phloem as well as xylem.
Subcellularly sobemovirus particles have been detected in the cytoplasm,
vacuoles and other types of vesicles in infected cells, but not in the chloroplast
or mitochondria (Fuentes and Hamilton, 1993; Mohamed and Mossop, 1981;
Opalka et al., 1998; Rabenstein and Stanarius, 1984). Majority of virus particles
have been found in cytoplasm and vacuoles where the particles form
paracrystalline arrays. Sobemovirus particles have also been found in the nuclei
of infected cells (Chamberlain and Catherall, 1976; Fuentes and Hamilton, 1993;
Mohamed and Mossop, 1981; Rabenstein and Stanarius, 1984).

1.2 The characteristics of VPg proteins
The 5' ends of single-stranded positive-sense RNA virus genomes are
unmodified, capped or have a VPg. The 5' end of viral RNA of at least
picornaviruses, caliciviruses, comoviruses, poleroviruses, enamoviruses,
nepoviruses, potyviruses and sobemoviruses has been reported to contain VPg
(Hull, 2002; Sadowy et al., 2001; Salas, 1991). In addition, VPgs are found in
the termini of some dsRNA viruses (Sadowy et al., 2001; Salas, 1991). VPgs
from different genera are highly variable in both size and composition. For
instance, picornaviral VPgs have a molecular weight around 2.5 kDa while
potyviral VPgs are around 25 kDa. In general the proteins do not contain
common motifs or conserved regions. Being covalently linked to RNA is
actually the only common feature between them. However, despite this
variability, VPgs have some common roles in the infection cycle and share some
properties.
The VPgs are attached to the RNA over a phosphodiester bond formed
between the 5' phosphate group of the RNA and the hydroxyl group of an amino
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acid residue (Ambros and Baltimore, 1978; Rothberg et al., 1978). The amino
acid residue to which RNA is linked to has been reported to be either tyrosine or
serine (Ambros and Baltimore, 1978; Jaegle et al., 1987). The chemical formula
of a phosphodiester bond between tyrosine or serine and a nucleotide is shown in
publication II, Figure 2. Although threonine also contains a hydroxyl group,
there are no reports demonstrating its use for viral RNA attachment to VPg.
Picornaviruses were the first for which the chemical nature of the bond
between RNA and VPg was determined (Ambros and Baltimore, 1978; Rothberg
et al., 1978). Picornaviruses utilize a highly conserved tyrosine residue, at
position 3 of VPg, for RNA linking (Schein et al., 2006). Potyviruses and
caliciviruses have also been reported to use conserved tyrosine residue in the Nterminal part of VPg for the same purpose (Anindya et al., 2005; Belliot et al.,
2008; Machín et al., 2001; Murphy et al., 1991). RNA linkage through a serine
residue has been demonstrated for nepoviruses and comoviruses (Jaegle et al.,
1987; Zalloua et al., 1996). Due to some level of conservation between VPgs of
related viruses the general conclusion has been that viruses within the same
genera utilize a positionally conserved serine or tyrosine. Mutation analysis of
the residue involved in RNA linking has been used at least for poty-, como-, and
caliciviruses (Carette et al., 2001; Mitra et al., 2004; Murphy et al., 1996).
Mutation to a residue not containing a hydroxyl group and thus preventing the
formation of phosphodiester bond or replacing the residue with another hydroxyl
group containing residue have both been reported to be lethal for the virus. Most
likely substitution of the native residue to another hydroxyl group containing
residue with different size and chemical properties is not tolerated by the
mechanisms involved in the synthesis of the phosphodiester bond (see below).
The role of VPg in replication has been thoroughly characterized for
picornaviruses. The VPg is first di-uridylated (VPg-pUpU) and subsequently
used as a primer for both negative and positive strand viral RNA synthesis (Steil
and Barton, 2009a; Steil and Barton, 2009b and references within). The initial
uridylation is dependent on cis-active RNA element (CRE), which functions as a
template for the conversion of picornaviral VPg into the di-uridylated form. The
VPg uridylation reaction is a separate process from replication. The CRE, which
is situated in the central part of the genome, is used for the VPg uridylation and
afterwards the VPg-pUpU is used to initiate replication from genome termini.
The replication of other VPg containing viruses is far less understood. For
caliciviruses both primer-dependent and -independent RdRp activity has been
reported (Belliot et al., 2008 and references within, Rohayem et al., 2006).
However, for several caliciviruses the nucleotidylation of VPg by the respective
RdRp has been reported, suggesting that VPg is used in replication as a primer
(Belliot et al., 2008; Han et al., 2010). Nucleotidylation of the VPg by RdRp has
been reported also for potyviruses and enamoviruses (Anindya et al., 2005;
Osman et al., 2006; Puustinen and Mäkinen, 2004). Potato virus A (PVA) VPg
23

has been reported to contain an NTP-binding site, which is required for the
nucleotidylation (Puustinen and Mäkinen, 2004). In contrast, it was recently
demonstrated that SeMV VPg is not required by the RdRp for the in vitro
synthesis of at least the negative strand of the viral RNA (Govind and Savithri,
2010).
The cap structure at the 5' end of cellular mRNAs is usually required for
translation. As VPgs occupy a similar position it has long been suspected that
they also participate in translation. The VPgs of different viruses have been
demonstrated to interact with a variety of proteins involved in translation eIF4E, eIF4G, eIF4A, eIF3 or the poly(A)-binding protein (Daughenbaugh et al.,
2003; Daughenbaugh et al., 2006; Goodfellow et al., 2005; Hébrard et al., 2010;
Khan et al., 2008; Michon et al., 2006; Miyoshi et al., 2006). Experiments with
different caliciviruses have shown that interactions between VPg and
components of translation initiation complex were required for viral RNA
translation (Chaudhry et al., 2006; Goodfellow et al., 2005). The translation of
VPg-linked mRNA was blocked by the eIF4E inhibitor protein, 4E-BP1,
indicating that translation requires VPg and eIF4E interaction (Goodfellow et
al., 2005). However, in another study translation was demonstrated to be
insensitive to eIF4E depletion and eIF4G cleavage (Chaudhry et al., 2006). Still,
the translation of both tested caliciviruses was dependent on eIF4A (Chaudhry et
al., 2006). Although these interactions with eIFs have often been proposed for
recruitment of translation machinery, data with potyviral VPgs suggest that the
interaction is required for the inhibition of cap-dependent and the enhancement
of cap-independent translation (Khan et al., 2008; Miyoshi et al., 2008). In this
case the translation of viral RNA is probably initiated from IRES. Indeed, IRESs
have been identified within the 5' leader sequences of potyviruses and
nepoviruses (Karetnikov and Lehto, 2007; Zeenko and Gallie, 2005). Similarly,
for picornaviruses it has been demonstrated that VPg is not required for
translation as it is removed from the RNA and translation occurs in an IRESdependent manner (Ambros et al., 1978; Nomoto et al., 1977).
VPgs from different virus genera have been demonstrated to be at least
partially intrinsically unfolded/disordered proteins. These include the VPgs of
PVA, Potato virus Y, Lettuce mosaic virus, SeMV and RYMV (Grzela et al.,
2008; Hébrard et al., 2009b; Rantalainen et al., 2008; Satheshkumar et al.,
2005a). The lack of a rigid 3D-structure and the ability to adopt various dynamic
conformations has often been suggested to be the source of various VPg
functions and proposedly a wide range of interactions. For some VPgs the
structure in interaction with a partner has been experimentally characterized,
whereas for others only structural interaction models exist. For instance, the
crystal structure of VPg in complex with RdRp has been determined for
picornaviruses (Ferrer-Orta et al., 2006; Gruez et al., 2008; Schein et al., 2006).
Besides replication and translation potyviral VPgs have been implicated also
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in other processes. The VPg of PVA seems to possess auxiliary RNAi suppressor
functionality (Rajamäki and Valkonen, 2009). PVA VPg also contains two NLSs
which are required for efficient replication, accumulation and movement of the
virus (Rajamäki and Valkonen, 2009). In the nucleus PVA VPg interacts with
fibrillarin, a nucleolar protein required for the long-distance movement of
umbraviruses (Kim et al., 2007a; Kim et al., 2007b; Rajamäki and Valkonen,
2009).

1.3 The CP and the movement of plant viruses
As a result of transmission, plant viruses are usually introduced to one or few
cells in which initial replication occurs. In order to infect the host systemically,
plant viruses need to invade the whole organism rather than just remaining to the
initially infected cells. The virus also has to overcome host defense mechanisms
to establish infection and accumulate in the host to raise the odds for further
transmission. To facilitate optimal progeny production, viruses have to be able to
move between adjacent cells (cell-to-cell movement) and to other plant organs
through vascular tissues (systemic movement). Whether these two distinct
transport processes utilize the same mechanism(s) depends on the specific virushost pathosystem. Some viruses and virus-host combinations also have limited
virus movement and the infection is confined to the inoculated leaf.
Plant cells are interconnected by plasmodesmata (Benitez-Alfonso et al.,

2010 and references within). The plasmodesmata are basically channels
connecting adjacent cells formed during cell division. These channels
connect the plasmamembrane, endoplasmatic reticulum membrane and
cytoplasms of the neighboring cells. The connections provide the route
for the movement of soluble and membrane associated molecules between
the cells and eventually throughout the plant. The flow of molecules
between cells is carefully regulated by modulating the permeability of the
plasmodesmata. Specifically, the movement of larger molecules such as
proteins and nucleic acids does not occur by simple diffusion.
Virally encoded MPs are the key elements which enable viruses to utilize the
intracellular trafficking pathway for virus distribution (reviewed by BenitezAlfonso et al., 2010; Lucas, 2006; Scholthof, 2005). Although the
mechanisms how the MPs achieve this are not entirely understood and clearly
vary even between related viruses, a few commonly recognized concepts exist:
(a) Viruses move through plasmodesmata as virions or RNPs;
(b) the MPs usually increase the size exclusion limit of plasmodesmata to
allow larger complexes to pass through;
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(c) movement involves intracellular targeting of the movement complexes to
plasmodesmata;
(d) elements of cytoskeleton are involved in the inter- and intracellular
movement.
Some viruses encode a single MP but others have the same functionality
divided between several different proteins.
In addition to the MP and the host factors most viruses also require the CP for
virus movement (reviewed by Callaway et al., 2001; Lucas, 2006;
Scholthof, 2005). Based on the requirement of CP for transport, plant viruses
can be divided into three major categories. Viruses in the first group only require
MP, and CP is dispensable for movement. Members of tobamovirus,
dianthovirus, umbravirus, carmovirus, pomovirus, tombusvirus and hordeivirus
generas have been assigned to this group (Callaway et al., 2001; Lucas, 2006;
Scholthof, 2005). Viruses forming the second group require both, MP and CP
for trafficking. Representatives of the second group belong to potyviruses,
potexviruses and cucumoviruses. A third group, represented by members of
closteroviruses, nepoviruses and comoviruses, comprises viruses that also
require CP because they move in the form of virions. Such classification
provides an overview of the various movement strategies employed by plant
viruses in regard of the CP. However, as further data about movement
accumulates this type of classification is becoming oversimplified. Due to the
ability of viruses to employ different non-exclusive movement strategies, in the
end the requirement of viral proteins for trafficking depends on the particular
virus-host pathosystem regardless of the virus taxonomy.
As an example, different strains of a virus can utilize different movement
strategies in the same host. Some isolates of Brome mosaic virus (BMV) require
CP for the movement whereas others do not (Takeda et al., 2005). BMV was
previously considered to move as virions since encapsidation competent CP was
reported to be needed for the cell-to-cell movement (Callaway et al., 2001).
Takeda et al. (2005) demonstrated that the BMV-M1 strain required CP for
movement whereas BMV-M2 did not. Mutational analysis of known BMV
isolates and the isolation of spontaneous BMV mutants exhibiting CPindependent movement further demonstrated that a single amino acid residue
difference in the C-terminus of MP determined the requirement of CP. Cucumber
mosaic virus (CMV), also from the family Bromoviridae, is another example
where the necessity of CP is determined by MP, as a C-terminal deletion in the
MP renders CMV movement CP-independent (Nagano et al., 2001).
There are also reports suggesting that the same virus can use alternative
modes of trafficking in different hosts. In the absence of CP Barley stripe mosaic
virus is able to systemically infect barley (Hordeum vulgare) but not N.
benthamiana (Petty and Jackson, 1990). The systemic movement of
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Cymbidium ringspot tombusvirus (CyRSV) has been suggested to take place
either as virions or in a nonvirion form depending on the host (Dalmay et al.,
1992). CyRSV CP mutant unable to form virus particles infected N.
benthamiana systemically, whereas it was confined to the inoculated leaves in N.
clevelandii. The CP of Tomato bushy stunt virus (TBSV) has been reported to be
dispensable for systemic infection in N. benthamiana and N. clevelandii (Russo
et al., 1994), but CP was indispensable in pepper (Turina et al., 2003).
Over the past decade examples of cell-to-cell and long-distance movement of
endogenous RNA species has been accumulating (reviewed by Kehr and
Buhtz, 2008). These non-cell-autonomous RNA species include messenger
RNAs, micro-RNAs and small interfering RNAs. This shows that the inter
cellular transport of RNAs presumably as RNP complexes is an important host
mechanism. The RNAs of viroids are also transported entirely by the host
machinery as their genome does not encode any proteins. Evidence about the
movement of BMV RNA independently of viral proteins has been reported

(Gopinath and Kao, 2007). The RNA3 of BMV was demonstrated to
move systemically without the CP or even MP, however all BMV RNAs
(RNA1, RNA2, RNA3) moved more efficiently when expressed together
with the MP. Currently it has not been demonstrated that any RNA virus would
depend entirely on the host movement system for the trafficking of its genome.
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2. AIM OF THE STUDY
The aim of the current study was to gain further knowledge about the
biological functions of sobemoviral structural proteins and about the molecular
biology of sobemoviruses in general.
For this purpose the following tasks were carried out:
1. Identification of the C-termini of CfMV, RYMV, SBMV and
RGMoV VPgs.
2. Characterization of the RNA-linking and phosphorylation of these
VPgs.
3. Determination of the subcellular localization of CfMV CP.
4. Analysis of the role of CfMV CP in movement and transmission.
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3. MATERIALS AND METHODS
Materials and methods are described in detail within the corresponding sections
of publications and manuscript. Standard procedures were carried out according
to Sambrook and Russell (2001) or according to manufacturer's instructions.
In the course of this study the following methods were used:
- Cloning and mutagenesis (Publication I, Manuscript)
- Virus inoculation (Publications II-III, Manuscript)
- RNA isolation (Publications II-III, Manuscript)
- RT-PCR (Publication I, Manuscript)
- Northern blotting (Manuscript)
- Western blotting (Manuscript)
- Expression and visualization of tagged proteins (Publication I, Manuscript)
- RNA labelling and microinjection (Publication I)
- Virus purification and VPg extraction (Publications II-III)
- Protein analysis by mass spectrometry (Publication II-III)
- Bioinformatic analysis (Publication II)
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4. RESULTS AND DISCUSSION
4.1 Sobemoviral VPg processing (publications II and III)
The specificity of the sobemoviral protease has been proposed and
demonstrated to be E/T,S,N (Gorbalenya et al., 1988; Mäkinen et al., 2000;
Nair and Savithri, 2010b; van der Wilk et al., 1998). Based on that many
different cleavage sites can be predicted for sobemoviral polyproteins. For
several sobemoviruses: CfMV, RYMV, SBMV and SeMV - the N-terminus of
VPg has been mapped (Hébrard et al., 2008; Mäkinen et al., 2000; Nair and
Savithri, 2010b; van der Wilk et al., 1998) while the C-terminus of VPg has
been experimentally proven only for SeMV (Nair and Savithri, 2010b).
Sobemoviruses also deploy -1 PRF for the expression of the polyprotein and
VPg occupies a position in the polyprotein close to the -1 PRF signal. Therefore
it has been proposed that at least CfMV might express its VPg through -1 PRF
mechanism and as a result even encode VPg-s with different C-termini
(Mäkinen et al., 2000). An approximate mass of CfMV VPg was observed on
SDS-PAGE to be around 12 kDa (Mäkinen et al., 2000). Based on the observed
mass, the C-terminus of VPg was proposed to situate downstream of the -1 PRF
signal and previously predicted processing sites. Indeed, several putative
processing sites downstream of -1 PRF consensus sequence exist also in the
polyproteins of RYMV, RGMoV and SBMV.
We have analyzed the polyprotein processing by identifying the VPg termini
of several sobemoviruses. The VPgs, purified from virions of CfMV, RYMV,
SBMV and RGMoV, and subjected to mass spectrometric analysis, revealed that
the mature VPgs are 78, 79, 77 and 79 amino acid residues in length,
respectively (publication II, Figure 1; publication III, Figure 1-2). The lengths of
the VPgs were in accordance with the previously experimentally demonstrated
length of the VPg of SeMV, which was 77 residues (Nair and Savithri, 2010b).
The C-termini of VPgs of all these sobemoviruses were determined to be cleaved
between E/T residues upstream of the putative and proven -1 PRF signals. This
ruled out the possibility of the proposed production of VPgs with different Ctermini and involvement of -1 PRF in VPg expression. In addition to
determining the C-termini of these VPgs we independently corroborated the
previously described N-termini of CfMV, RYMV and SBMV VPgs. The Ntermini of CfMV, RYMV and SBMV VPgs were cleaved between E/N, E/S and
E/T, respectively, as described earlier (Hébrard et al., 2008; Mäkinen et al.,
2000; Nair and Savithri, 2010b).
The previously described molecular weight of 12 kDa was most likely due
to a shift in mobility in SDS-PAGE caused by the acidic nature of the VPg
protein (CfMV VPg predicted and experimental pI is ~4; Olspert, unpublished
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results). The mobility of disordered and/or acidic proteins during denaturating
electrophoresis has been previously reported to be different from the actual mass
(Receveur-Bréchot et al., 2006). Other factors that may influence mobility are
the PTMs of VPgs that we determined (see below).
We also discovered that the previously predicted cleavage site of the Nterminus of RGMoV VPg (Accession NP_736586) was incorrect. The mature
VPg of RGMoV was actually cleaved three residues upstream of the predicted
site and contained additional three residues, SSE, in the N-terminus.
All experimentally proven protease cleavage sites for sobemovirus
polyproteins are either E/T or E/S, with one exception, the E/N site of CfMV
(Figure 2). Unfortunately, it is not known which sequence elements or other
factors establish which site is actually used and which is not. As mentioned
above, additional putative cleavage sites can be found in sobemoviral
polyproteins. All determined cleavage sites of SBMV, some sites of SeMV and
one site of CfMV are QE/T(S) (Nair and Savithri, 2010b), which indicates that
residues further upstream of the actual cleavage may also be important. No
recognizable pattern can be found in the vicinity of all the proven VPg cleavage
sites (Figure 2). Most probably the cleavage sites are determined through
complex interactions between the protease and substrate. In addition, the
proteases of each species probably have different substrate recognition
capacities. Disorder of the substrate may also be important for these interactions.
Indeed, increased disorder near the termini of VPgs of sobemoviruses and other
genera has been predicted (Hébrard et al., 2009a).
Taken together we have determined and confirmed the termini and processing
sites of four sobemoviral VPgs. The data provides additional evidence about the
diversity of sobemoviral protease substrates. There seems to be less constraints
on amino acid residues surrounding the actual cleavage sites than previously
proposed, based on SeMV (Nair and Savithri, 2010b).

CfMV
RYMV
RGMoV
SBMV
SeMV

N-terminal
VRKFVTVE – NSELYPDQ
FKKEVVVE – SPFEIYGK
SIFHANCE – SSENGEQG
NYLLRSQE – TLPPELSV
NYLLRSNE – TLPPELSI

C-terminal
SDDEDTQE - TAIRPLNL
SGEDVDIE - TSHPVAPS
DDWDAREE - STGNDIPL
MVWSSAQE – TVAEPLNY
LVWENAQE - TVAVENLN

Figure 2. Overview of the determined VPg processing sites
The cleavage site position in relation to VPg is indicated on top. The cleavage takes
place between amino acid residues indicated in bold.
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4.2 Characterization of VPg-RNA linking of sobemoviruses
(publications II and III)
The VPgs are covalently linked to the 5' end of viral RNA of several different
virus genera. Previously it has been assumed that viruses within one genus use
the same residue to link RNA. For instance, picorna-, poty- and caliciviruses use
a tyrosine (Ambros and Baltimore, 1978; Anindya et al., 2005; Belliot et

al., 2008; Murphy et al., 1991; Rothberg et al., 1978; Schein et al., 2006)
while nepo- and comoviruses are reported to exploit a serine residue (Jaegle et
al., 1987; Zalloua et al., 1996). However, for sobemoviruses the only
conserved region of the VPgs is the WAD/WGD/WNK motif followed by a D/E
rich region (Mäkinen et al., 2000; Mäkinen et al., 1995b). This diversity made
them a particularly interesting group for studying VPg RNA linkage.
We determined the residues to which CfMV, RYMV, SBMV and RGMoV
RNA was linked to, using mass spectrometric analysis of virion derived VPgs.
The purified VPgs were digested by trypsin and the RNA covalently linked to
the peptides was degraded with acidic hydrolysis. The remaining modification
after RNA hydrolysis was determined to be a 5',3'-diphosphate nucleotide, pNp
(N denoting adenosine, cytidine, guanosine or uridine). The RNA linkage sites
were determined by searching for all these possible modifications from all
possible phosphodiester bond acceptor residues, which are serine, tyrosine or
threonine. CfMV VPg was determined to be linked to RNA over a tyrosine
residue at position 5 (Figure 3; publication II, Figure 2) and the modification
was pGp. This was in accordance with the genomic sequence which starts with
the G nucleotide. We determined that RYMV, SBMV and RGMoV VPgs were
all linked to RNA through the residue at the first position of VPg (Figure 3;
publication II, Figure 2; publication III, Figure 1-2). Both, RYMV and RGMoV
VPgs have a serine at the first position. However, the first residue of SBMV VPg
is threonine. For these three viruses the corresponding modification was pAp,
which was also the first nucleotide of their reported genomes.
Altogether the results show that RNA linkage of sobemoviruses is speciesspecific and that sobemoviruses can use all available hydroxyl group containing
amino acid residues for RNA linking. For CfMV, RYMV and SBMV there is
additional experimental data supporting our results. For these three viruses the
residue which was determined by us to be linked to RNA was not detected
correctly by Edman sequencing (Hébrard et al., 2008; Mäkinen et al., 2000;
van der Wilk et al., 1998).
SBMV is currently the only virus in the world for which the use of threonine
for linking RNA to VPg has been demonstrated. In addition to SBMV, some
VPgs of other sobemoviruses also have a threonine at the putative N-terminus of
VPg. These are SoMV, SCMoV, SeMV and SCPMV. The latter two are very
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closely related to SBMV and their VPgs are conserved. With the exception of
CfMV, for which tyrosine at position five is used for RNA linking, all
sobemoviruses, for which sequence data is currently available, have either a
serine or a threonine residue at the putative or proven N-terminus of VPg.
Therefore, we propose that the threonine and serine residues at the first position
of the VPgs of these viruses are most probably used for RNA linking.
It is interesting why the use of threonine for RNA linking has not been
described earlier. Either sobemoviruses are truly unique or the VPg linking
across all the diversity of viruses has not been studied intensively enough. One
explanation would also be that the hydroxyl group of threonine is chemically
less accessible and/or the stereo-chemical constraints of serine and tyrosine are
more favorable which manifests in a more frequent use of the latter two.
Therefore, it would be interesting to analyze VPg RNA linkage and other VPg
properties of viruses from other genera at a larger scale.
The VPg's role in replication has been characterized for picornaviruses,
where it is used as a primer for viral RNA synthesis (Steil and Barton, 2009b).
In contrast, it was recently demonstrated that SeMV VPg is not required by the
RdRp for the in vitro synthesis of the negative strand of viral RNA (Govind and
Savithri, 2010). This raises a question whether sobemoviruses only use VPg as
a primer for the synthesis of the positive strand RNA? However, it is also
possible that the RNA synthesis initiation mechanism in vitro is different from
the in vivo situation.
Altogether we have characterized the RNA linkage of four members of the
Sobemovirus genera. The results demonstrate unprecedented diversity within one
genera and warrant several conclusions on a much larger scale:
(i) the type and position of the amino acid residue involved in VPg RNA
linking is not always conserved between related viruses;
(ii) all hydroxyl group containing amino acid residues can and are used for
RNA linking.
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----SSENGEQGAREIDAEEWISR---EVTPTDVYIAGRGKYRVA
-----TLPPELGYREISLEDVGLR---SFEFLEVEIENRGKVKLG
-----TLPPELSIIEIPFDDVETR---SYEFIEVEIKGRGKAKLG
-----TLPPELSVIEIPFEDVETR---SYEFIEVEIKGRGKAKLG
-----TAPPDLNFIEITEDEAVDR---P-SFDEYEIEGFGKIKTR
-----SDFSEISYGEIDLDNFRLRP-NRQEYLPVTIKGKGRYLLG
-----TIFSEISYGELDEDNYLLR--NRDDFVEVEILGKGKFLLG
-----SIISQGTLSEISADEAADR---DYDFVDFSVEGLGRLSMG
*
:
. .

DREWTTAEALRVAR---YKPLGG-----GKAWGDSDDEDTQE----------------SNTWVRERTKYHAE---ERRKSG-----QLSWADRFGDDSGEDVDIE-----------DREWVRHSARRAQK---TKQLEG-----GRDWGDVEDDEEWEVTVEAAVSVPPVIGE-GDEFSHSSYDPLAFS-KYKKERG-----EMTWADMVEGDLDWDAREE-----------KREFA------------WVPK-------GKAWADMLDDDDLPLPPKMVNGNLVWADAQE
KREFA------------WIPES------GKYWADE-DEDELPPPPKLVGGKLVWENAQE
KREFA------------WIPES------GKYWADD-DDDSLPPPPKVVDGKMVWSSAQE
AREY-------------YIPR-------DKDWNKYDDEDDDAFFDVPVA---LWLNSNE
DTDFVAMTEARVKRVDDWEALKDAEGPGGVKWSDWADEETSWIGRKMNN---IYKAGVE
DSSFVDITGKSLG----WEKEKRARG--EALWHDASDDDFYEDANFLAD---FYKDSKE
KGEFYLRDDRGIT--IEEIRKKG-----RKIWTEDFDEESDDGIFE------------:
* .
:

Figure 3. Sequence comparison of sobemoviruses and their VPgs
The phylogenetic tree on the left was constructed by the maximum composite likelihood
mode with mid-point rooting based on the full nucleotide sequences of sobemoviruses.
The VPg sequences were aligned with ClustalW. The tyrosine at position 5 of CfMV
VPg, the threonine at the first position of SBMV VPg and the serines at the first
positions of RYMV and RGMoV VPgs to which RNA is covalently linked to are
indicated with red. The phosphorylated threonine, serine and tyrosine residues are
indicated with green. The conserved motif WAD/WGD followed by multiple E/D
residues is underlined. Invariant amino acid residues are indicated below the alignment
by an asterisk (*), highly similar residues by a colon (:) and similar residues by a dot (.).
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4.3 Sobemovirus VPgs are phosphorylated (publications II and III)
Our mass spectrometric analysis of virion purified sobemoviral VPgs
demonstrated multiple phosphorylations for each protein.
CfMV VPg was found to be phosphorylated at two positions, T20 and S71
(Figure 3; publication II, Figure 2). In RYMV VPg phosphoserines were found
at positions 14, 41 and 72 (Figure 3; publication II, Figure 2). With RYMV, it is
possible that serines at positions 33 and 59 were also sometimes phosphorylated.
The serine residues of SBMV VPg were phosphorylated at positions 7, 20 and
58 (Figure 3; publication III, Figure 1). The RGMoV VPg was detected to be
phosphorylated at two serine residues at positions 2, 19, two threonine residues
at positions 23, 63 and at a tyrosine residue at position 47 (Figure 3; publication
III, Figure 2-3). In combination with tyrosine at position 47, one serine residue
either at position 43, 45 or 46 was also phosphorylated, but the position could
not be determined with certainty. For each phosphorylated position of each virus
non-phosphorylated peptides were also detected, which shows that the positions
are not always phosphorylated. The selection pressure expressed on the sites of
the phosphorylated amino acids was analyzed for RYMV (publication II).
Positions 14, 33 and 41 of RYMV VPg are conserved at the amino acid level and
were determined to be under strong conservative selective pressure. Positions 59
and 72 were determined to be under neutral evolutionary selection pressure .
The comparison of phosphorylation patterns of CfMV, RYMV, SBMV and
RGMoV VPgs indicates that the protein sequences as well as phosphorylation
sites have little similarity. However, the data on SBMV allows us to predict the
phosphorylation of the VPgs of two very closely related viruses, SeMV and
SCPMV. Serines 7 and 20 are present at the same position in SeMV and serine
20 in SCPMV, which indicates that they might also be the targets of
phosphorylation. The position of serine 58 is occupied in SeMV by glutamic
acid and in SCPMV by aspartic acid, both chemically mimicking phosphoserine
to some extent. This indicates that the negative charge at position 58 might be
important for all these closely related species.
Except for S72, the VPgs of 150 RYMV isolates have no coding differences
between the isolates in the phosphorylation sites at the amino acid level despite
several synonymous nucleotide substitutions. In contrast, position 72 exhibits
amino acid polymorphism and is neither under conservative or diversifying
selection. One strain has an aspartic acid at position 72. The fitness of this strain
might again be explained by the physico-chemical similarities of aspartic acid
and phosphorylated serine.
For PVA the phosphorylation and disordered nature of VPg has been
demonstrated (Hafrén and Mäkinen, 2008; Puustinen et al., 2002;
Rantalainen et al., 2008). PVA VPg phosphorylation is believed to be involved
in regulation of host interactions, whereas the disorder is believed to be the basis
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of multifunctionality. Presumably the structural flexibility provides an ensemble
of possible conformations and possible interactions. It has been experimentally
demonstrated that SeMV and RYMV VPg are also disordered proteins and for
other sobemoviral VPgs disordered nature has been predicted (Hébrard et al.,
2009b; Satheshkumar et al., 2005a). However, upon secondary structure
stabilization the RYMV VPg has the propensity to form structures (Hébrard et
al., 2009b). Stabilization and/or structure formation can occur during an
interaction, which again may be dependent on phosphorylation. The regulation
of folding/unfolding and interaction determination of disordered proteins by
phosphorylation has been reported before (Mittag et al., 2010; Stein et al.,
2009; Wright and Dyson, 2009). The N-termini of sobemoviral CPs are rich
in positively charged amino acid residues (Tamm and Truve, 2000b) and
reside inside the virion presumably in contact with the negatively charged RNA
and VPg (Abad-Zapatero et al., 1980; Plevka et al., 2007; Rossmann et al.,
1983). Phosphorylation of VPg might be needed for providing additional
stability to the virion through electrostatic interactions with CP. This does not
rule out the possibility that phosphorylation is needed for other possible
functions of VPg. For instance, the RdRp of SeMV failed to nucleotidylate in
vitro VPg purified from bacteria where presumably phosphorylation does not
occur similarly to plant cells (Govind and Savithri, 2010). One explanation
would be that the nucleotidylation reaction is dependent on (host) factors
missing in the in vitro assay. However, VPg phosphorylation could also regulate
RdRp in this process.
Our results suggest that VPg phosphorylation is common at least among
sobemoviruses. The conservation and physicochemical mimicry of the
phosphorylation sites within one species (RYMV) and between closely related
species (SBMV, SeMV and SCPMV) implies that sobemoviral VPg
phosphorylation serves a biological role.

4.4 Subcellular localization of CfMV CP (publication I and
manuscript)
The primary sequences of sobemovirus CPs have a moderate sequence
similarity in the range of 12 to 30% between distantly related viruses. However,
the CPs are structurally very similar (Plevka et al., 2007). The N-terminal part of
all sobemoviruses CPs is rich in basic amino acids and contains the ARM. The
ARM of SeMV CP has been implicated being important for RNA encapsidation
(Satheshkumar et al., 2005b). In vitro experiments with CfMV (Tamm and
Truve, 2000a) and SCPMV (Lee and Hacker, 2001) CPs have demonstrated that
both proteins bind RNA in a sequence non-specific manner. The amino acid
residues responsible for SCPMV CP RNA binding in vitro were mapped to the
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ARM region (Lee and Hacker, 2001). Sobemovirus particles have been found in
the nuclei of infected cells (Chamberlain and Catherall, 1976; Fuentes and
Hamilton, 1993; Mohamed and Mossop, 1981; Rabenstein and Stanarius, 1984).
Based on sequence similarity it has been proposed that the N-terminal region
including the ARM of sobemovirus CPs contain an NLS (Mäkinen et al., 1995b;
Yassi et al., 1994).
The experiments in plant cells with CP and EGFP fusions demonstrated that
the CfMV CP indeed localized to the nucleus (publication I, Figure 1-2). The
sequence directing nuclear import was determined to be within the first 33 Nterminal amino acid residues, which also contain the ARM. However, the ARM
was not the only motif found to be responsible for the nuclear localization of CP.
Our experiments demonstrated that in plant cells two separate regions were used
for CfMV CP nuclear transport, a strong NLS1 within residues 22-33 (the ARM)
and a weaker NLS2 within residues 1-22 (publication I, Figure 1). Mutating
even the majority of the basic amino acid residues within the N-terminus was not
sufficient to completely stop nuclear import.
Individually the full length CP fused to EGFP localized almost exclusively to
the nucleus. Results obtained with infectious viruses expressing the same CPEGFP fusion protein instead of CP, demonstrated that when CP-EGFP was
expressed together with the rest of the virus-encoded proteins the fluorescence
did not accumulate exclusively into the nucleus, but remained evenly distributed
between cytoplasm and nucleus (manuscript). Most probably the CP was
interacting with other viral and/or host proteins or with the full-length genomic
RNA and therefore was not accumulating solely into the nucleus any more.
As CfMV is known to bind RNA, and was demonstrated to be transported to
the nucleus, we investigated whether CP in conjunction with RNA is transported
to nucleus. Microinjection studies demonstrated that the viral CP was able to
transport labeled RNA to the nucleus of onion epidermal cells in sequence nonspecific manner (publication I, Figure 4). This suggests also that the RNA did
not interfere with importin binding.
Although positive-strand ssRNA viruses are generally believed to be mainly
cytoplasmic, some of their proteins have been reported to localize to the nucleus
(Hajimorad et al., 1996; Lucy et al., 2000; Rebelo et al., 2008; Ryabov et al.,
2004; Schaad et al., 1996). For potato leafroll virus the nuclear import of CP has
also been reported (Haupt et al., 2005). Thus, the nucleus has been shown to be
involved in the infection of some positive-strand ssRNA viruses. For instance,
umbra- and potyviruses encode proteins that interact with a nucleolar protein
fibrillarin, which has been shown to be essential for systemic infection and virus
accumulation (Kim et al., 2007a; Kim et al., 2007b; Rajamäki and Valkonen,
2009). The CP of CfMV may also have functions that require its transport to the
nucleus. The nucleus may also be used for reducing CP concentration in the
cytoplasm after initial entry and virion disassociation which may be necessary
37

for the regulation of virus replication.
Our results suggest that the virus particles found in the nucleus are probably
also assembled there, since the N-terminus of the CP with NLS is buried within
the particle (Tars et al., 2003) and therefore is not accessible after virion
formation. These particles may also contain viral RNA transported to the nucleus
together with CP.

4.5 The CP of CfMV is dispensable for virus movement (manuscript)
The P1 proteins of sobemoviruses have been proposed as putative MPs of
sobemoviruses and for RYMV, SCPMV and CfMV the P1 is indeed dispensable
for replication but needed for the virus movement (Bonneau et al., 1998; Meier
et al., 2006; Sivakumaran et al., 1998). The CPs of RYMV and SCPMV are also
needed for virus cell-to-cell movement but not for virus replication (Brugidou et
al., 1995; Sivakumaran et al., 1998). In addition, the long distance movement of
SCPMV and RYMV has been proposed to be dependent on particle formation
(Fuentes and Hamilton, 1993; Opalka et al., 1998). Recently it was shown that
SeMV P1 interacts with VPg, P10 and CP (Chowdhury and Savithri, 2011; Roy
Chowdhury and Savithri, 2011). Therefore, Chowdry and Savithri (2010)
proposed that SeMV CP is involved in movement and that SeMV presumably
moves as virions.
We analyzed the role of CfMV CP and CP arginine-rich region in viral
infection cycle. The infectivity and mechanical transmission was analyzed for
two different ARM mutants, R5X, with five arginines replaced by non-basic
amino acid residues, and R3L, with three out of five arginines replaced by
leucines (manuscript, Figure 1). In addition, a virus with the complete CP
deletion was constructed. The analysis revealed that all three mutant viruses
were able to replicate and accumulate in the inoculated leaves (manuscript,
Figure 2). Surprisingly, all three mutants were also able to infect the host plant
systemically. However, mutant R5X accumulated at lower levels in both
inoculated and systemic leaves. As the mutants were infectious, it was also
tested whether the mutant viruses were transmissible by mechanical inoculation.
Oat (Avena sativa) plants were inoculated with the sap produced from the upper
leaves of plants infected with the mutants and analyzed for CfMV infection
(manuscript, Figure 2). Mechanical transmission of the arginine rich region
mutants was successful, although in this experiment R5X failed to produce
systemic infection in mechanically inoculated plants. In contrast, we were
unable to detect CfMV in plants mechanically inoculated with the CP deletion
mutant.
To test whether CP dispensability for systemic movement was host specific,
the CP deletion mutant was also analyzed in wheat (Triticum aestivum) and
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barley (Hordeum vulgare) (manuscript, Figure 3). In both hosts the deletion
mutant was able to infect the wheat and barley plants systemically. This
demonstrated that CfMV uses the same CP independent mechanism for
movement in the majority of its known experimental hosts.
CfMV movement was further characterized with EGFP expressing CfMV.
The first construct was an EGFP fusion to the C-terminus of the full length CP
(CP-EGFP) (manuscript, Figure 4). Oat plants were biolistically inoculated and
virus movement was analyzed by monitoring EGFP fluorescence in inoculated
tissues. Two days post inoculation (dpi) the fluorescence was visible mainly in
single epidermal cells and in small foci of mesophyll cells (manuscript, Figure
5). After three dpi the EGFP was detected in the neighboring epidermal cells and
the infection foci in the mesophyll had expanded, which demonstrated cell-tocell movement of the virus. From the fourth to the sixth dpi, the area of infected
mesophyll cells continued to grow and presumably reached the vasculature. By
that time the infected area had reached its maximum and fluorescence started to
fade due to the spreading necrosis caused by the initial biolistic inoculation.
In the case of CPdelta-EGFP variant, where EGFP was inserted instead of the
CP C-terminus (manuscript, Figure 4), the fluorescence was considerably
weaker and strongest around the third to the fourth dpi (manuscript, Figure 5).
Weak fluorescence was detected in single epidermal cells after two dpi, which
sometimes spread to neighboring epidermal cells the following days. EGFP was
never detected in mesophyll cells. The signal from epidermal cells usually
disappeared around the fifth day.
Unfortunately no distinguishable EGFP signal was detected in the upper
leaves with either of the EGFP containing viruses. However, some plants
infected with CP-EGFP and CPdelta-EGFP developed CfMV infection
symptoms in the upper leaves. Viral RNA was indeed detected from these leaves
by RT-PCR, but the initially EGFP containing viruses had lost the EGFP
sequence as well as different portions of CP/RdRp encoding sequence. We
detected two different naturally occurring deletion mutant subsets (manuscript,
Figure 6). In the first group majority of CP coding sequence after the overlap
with RdRp gene was lost together with EGFP sequence, while the 3' UTR was
fully retained. These recombinants were detected from plants inoculated with
either CP-EGFP or CPdelta-EGFP. The second group comprised of viruses
where only a small region coding the C-terminal part of CP and EGFP sequence
were missing. These mutants were logically only detected from plants inoculated
with CP-EGFP.
Previously it has been documented that sobemoviruses require P1 as well as
CP for systemic movement (Brugidou et al., 1995; Fuentes and Hamilton, 1993;
Opalka et al., 1998; Sivakumaran et al., 1998). A CP deletion mutant of RYMV
failed to infect rice plants systemically, but accumulated in the inoculated leaves,
which was an indication of cell-to-cell movement (Brugidou et al., 1995). A
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SCPMV CP initiation codon mutant was undetectable even in inoculated leaves
(Sivakumaran et al., 1998). It is known that different strains of a virus can utilize
different movement strategies in the same host and the same strain can use
alternative modes of trafficking in different host (Takeda et al., 2005; Nagano et
al., 2001). Our results with mutant viruses established that CfMV CP is
dispensable for cell-to-cell as well as systemic movement in different host
plants. This was further confirmed by the detection of recombinant viruses,
lacking majority of the CP cistron, from plants infected with CP-EGFP and
CPdelta-EGFP. Although the CP may be indispensable for CfMV movement in
untested hosts, it seems that CfMV in general utilizes a different movement
strategy from SCPMV and RYMV.
The CP of TRoV, another sobemovirus, has been reported to facilitate long
distance movement of red clover necrotic mosaic dianthovirus (Callaway et al.,
2004). Similarly, it has been reported that CfMV CP can complement cell-to-cell
movement of PVX CP mutants (Fedorkin et al., 2001). Together with the results
from SCPMV and RYMV CP mutants, it seems that at least some sobemoviral
CPs have clear movement related functions. As CfMV CP was demonstrated to
have no RNA silencing suppression activity (manuscript, Figure 7), the
enhancement of PVX movement must involve some other function of the CP. It
is also possible that CfMV CP contributes to virus spread for instance by
enhancement of accumulation and/or providing further stability to viral RNP
complexes. This is supported by the fact that RYMV accumulated at higher
levels in plants expressing RYMV CP than in control plants, indicating that
additional CP further enhanced virus infection (Kouassi et al., 2006).
The viral RNA genome is usually transported from cell-to-cell and
systemically through vasculature either as virions or in some other form of RNP
complex. CfMV trafficking as virions can now be ruled out at least in hosts
tested by us. Previously we have reported that P1 is indispensable for virus
movement and accumulation in oats (Meier et al., 2006). As CfMV P1 is the
viral suppressor of RNA silencing (Sarmiento et al., 2007), it still remains
unclear whether P1 facilitates virus spread as a suppressor or as a member of the
movement RNP complex.
Interestingly, we were unable to transmit the CP deletion mutant
mechanically, whereas R3L and R5X were easily transmissible. This
demonstrates that CP might provide additional stability to the viral RNA which
is needed for an efficient transmission and that mutations in the arginine-rich
region do not affect this putative viral RNA-CP complex involved in
transmission. The formation of a stable virion is probably the most efficient way
to ensure transmission but presumably also other RNP complexes can facilitate
transmission. However, it is also possible that the CP contributes to transmission
by higher accumulation, but compared to the R3L and R5X mutants, which were
transmissible, the CP deletion mutants did not have a significantly lower viral
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RNA load in systemic leaves.
Mutant R5X failed to produce systemic infection in mechanically inoculated
plants. However, R5X has also a mutation in the RdRp and the plants inoculated
with R5X usually appeared to have a lower viral load, presumably due to this
mutation. Thus, we suppose that the movement of R5X was normal as
transmission of the virus was also successful and the lack of systemic infection
was due to defects in replication and accumulation.
In the case of CP-EGFP, the EGFP sequence was longer retained within the
genome, as progeny viruses replicating in the mesophyll still expressed EGFP,
whereas for CPdelta-EGFP the EGFP gene was already lost when the virus
entered mesophyll cells. CfMV, like many other RNA viruses, is able to rapidly
dismiss portions of its genome through recombination. It seems that when
available the virus keeps as much of the CP sequence as possible. Foreign
sequence seems to be the trigger for recombination because we have not
encountered recombinations in plants infected with the wt virus or CP mutants.
It is fascinating that the mutants isolated from non-inoculated upper leaves,
which had lost the EGFP and CP coding sequence, all contained almost the
entire 3'UTR. Not all of the 3' UTR of CfMV is needed for replication,
translation and accumulation in oats (Olspert, unpublished data). This leads us to
speculate that the 3' UTR might contain sequences or structural elements
important for transport or that there simply is a hot-spot for recombination in the
beginning of the 3' UTR. These two hypotheses are not mutually exclusive.
Taken together the results clearly demonstrate that the CP is not strictly
necessary neither for cell-to-cell nor long-distance movement of CfMV. In
regard to other reports it seems that sobemoviruses deploy different trafficking
strategies in regard of the requirement of CP. Whatever role the CP of CfMV
might have in the nucleus it is not required for virus movement. The ARM of
CfMV CP is dispensable for the CPs role in transmission.
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CONCLUSIONS
1. Sobemoviral VPgs are cleaved from the polyprotein upstream of the -1
programmed ribosomal frameshift site.
2. Sobemoviruses use all possible hydroxyl group containing amino acid
residues for linking VPg to RNA.
3. Sobemoviral VPgs are phosphoproteins.
4. The N-terminus of CfMV CP contains two nuclear localization signals.
5. The CP of CfMV can function as an RNA transporter.
6. The CP of CfMV is dispensable for cell-to-cell and systemic movement in
oats, barley and wheat.
7. The CP of CfMV is involved in virus accumulation.
8. The CP of CfMV is required for efficient transmission.
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Supplementary Fig. 1. The subcellular localization of CfMV CP and Δ1-33CP fused to
the C-terminus of EGFP. CP and Δ1-33CP were transiently expressed in onion (upper
two rows) and Cos7 (lower two rows) cells. Left panels correspond to EGFP
fluorescence (green), middle to nuclear staining with Hoechst (red) and right to overlay.
Cells were transfected with constructs coding the proteins indicated on the left, CP
corresponds to full length protein. Scale bars represent 50 μm and 10 μm in onion and
Cos7 cells, respectively.
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Supplementary Fig. 2 The subcellular localization of CfMV CP mutants R3L and R5X
fused to EGFP, transiently expressed in onion epidermal cells. Images from additional
independent experiments revealing the consistency of the localization patterns. Upper
panels correspond to EGFP fluorescence (green), middle to nuclear staining with EtBr
(red) and bottom to overlay. Cells were transfected with constructs coding the proteins
indicated on top. Scale bar 50 μm.
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PUBLICATION II

Protein-RNA linkage and post-translational modifications of two
sobemovirus VPgs
Olspert, A., Peil, L., Hébrard, E., Fargette, D., Truve, E.
Journal of General Virology (2011), 92, 445 - 452.
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Viral RNA linked to VPg over a threonine residue
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Summary
The way how a virus moves inside a plant depends on the specific virus-host
pathosystem. In the case of sobemoviruses, several studies have shown the
involvement of the coat protein (CP) in viral movement. Cocksfoot mottle
sobemovirus (CfMV) has not yet been analyzed in that aspect. In this study we
analyzed the movement of different CfMV CP substitution and deletion mutants.
All mutant viruses were able to move and infect plants systemically, although
usually the virus accumulation was reduced when compared to wild type CfMV.
Thus, the CP was shown to be dispensable for systemic movement in all three
tested hosts, oat, wheat and barley. Movement of CfMV was also characterized
with mutant viruses expressing EGFP fused to the C-terminus of CP or replacing
CP C-terminal region. EGFP expression was detected up to one week days post
inoculation (dpi) in epidermal and mesophyll cells.
Although EGFP
fluorescence was not detected in upper leaves, some of the plants infected with
these EGFP containing viruses displayed CfMV symptoms. Analysis of the
upper leaves revealed that due to recombination the viruses had lost the EGFP
sequence and sometimes also most of the CP sequence.
In addition we demonstrated that CP does not have RNA silencing suppressor
activity nor does it influence RNA silencing suppression of P1. In conclusion we
demonstrated that the CP of CfMV is dispensable for systemic movement but
required for efficient transmission and that CP might have functions enhancing
virus accumulation unrelated to RNA silencing.
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Introduction
In order to infect the host efficiently, plant viruses need to invade the whole
organism rather than just remain in the initially infected cell(s). To facilitate this,
viruses have to be able to move between adjacent cells (cell-to-cell movement)
and to other plant organs through vascular tissues (systemic movement).
Whether these two distinct transport processes utilize the same mechanisms
depends on the specific virus-host pathosystem. Virally encoded movement
proteins (MP) are the key elements which enable virus movement through
various host interactions (reviewed by (Benitez-Alfonso et al., 2010; Lucas,
2006; Scholthof, 2005)). In addition to MP most viruses also require the capsid
protein (CP) for virus movement (reviewed by (Callaway et al., 2001; Lucas,
2006; Scholthof, 2005). Based on the requirement of CP for transport, plant
viruses can be divided into three major categories. Viruses in the first group only
relay on the MP and CP is dispensable for movement. Members of Tobamovirus,
Dianthovirus, Umbravirus, Carmovirus, Pomovirus, Tombusvirus and
Hordeivirus genera have been assigned to this group (Lucas, 2006; Scholthof,
2005). Viruses forming the second group require both, MP and CP for
trafficking. Representatives of the second group belong to potyviruses,
potexviruses and cucumoviruses. A third group, represented by members of
closteroviruses, nepoviruses and comoviruses, comprises viruses that also
require CP because they move as virions. However, in the end the requirement of
viral proteins for movement depends on the particular virus-host pathosystem.
Even different strains of a virus can utilize different movement strategies in the
same host and the same strain can use alternative modes of trafficking in
different host. For instance, some isolates of Brome mosaic virus (BMV) require
CP for movement whereas others do not (Takeda et al., 2005). The transport
mode, i.e. requirement of CP, of different isolates of BMV was determined
solely by the MP. Cucumber mosaic virus (CMV) is another example where the
necessity of CP is determined by MP, as a deletion in the MP renders CMV
movement CP-independent (Nagano et al., 2001). In the absence of CP Barley
stripe mosaic virus is able to systemically infect barley but not Nicotiana
benthamiana (Petty and Jackson, 1990). The systemic movement of cymbidium
ringspot tombusvirus has been suggested to take place either as virions or in a
non-virion form, depending on the host (Dalmay et al., 1992).
Over the past decade examples of cell-to-cell and long-distance movement of
endogenous RNA species have been accumulating (reviewed by Kehr and Buhtz,
2008). These non-cell-autonomous RNA species include messenger RNAs,
microRNAs and small interfering RNA (siRNA). This shows that the
intercellular transport of RNAs presumably as ribonucleoprotein complexes
(RNP) is an important host mechanism. The RNAs of viroids are also
transported entirely by the host machinery as their genome does not encode any
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proteins. Evidence about the movement of BMV RNA independently of viral
proteins has been reported (Gopinath and Kao, 2007), but it has not been
demonstrated that the transport of any viral RNA genome depends entirely on
the host movement system. Viruses need an effective replication, quick
movement and accumulation in the initial infection site in order to overcome
host defenses and therefore presumably cannot allow the host be solely in charge
of their movement.
Cocksfoot mottle virus (CfMV) is a plant sobemovirus with a monopartite
positive-sense ssRNA genome (Figure1.A)(for review Tamm and Truve, 2000b,
genome organization revised in Meier and Truve, 2007). Sobemoviruses have a
viral protein genome linked (VPg) covalently attached to the 5' end of genomic
and subgenomic RNAs. The central part of the genome encodes the viral
polyprotein through a -1 programmed frameshift mechanism (Mäkinen et al.,
1995). The 5' proximal ORF1 encodes the P1 protein, while the viral CP is
expressed from the 3’ proximal ORF3 via subgenomic RNA. The P1 proteins of
sobemoviruses, which lack sequence similarity with other viral or non-viral
proteins, have long been proposed as the putative MPs. Indeed, the P1s of Rice
yellow mottle virus (RYMV), Southern cowpea mosaic virus (SCPMV) and
CfMV are known to be dispensable for replication but needed for virus
movement (Bonneau et al., 1998; Meier et al., 2006; Sivakumaran et al., 1998).
In addition, the P1 proteins of Rice yellow mottle virus (RYMV) and CfMV also
act as suppressors of RNA silencing and for the latter ssRNA binding in a
sequence-nonspecific manner has been reported (Lacombe et al., 2010;
Sarmiento et al., 2007; Tamm and Truve, 2000a; Voinnet et al., 1999). Recently
it was shown that Sesbania mosaic virus (SeMV) P1 interacts with VPg, P10 and
CP (Chowdhury and Savithri, 2011; Roy Chowdhury and Savithri, 2011). This
indicates a complex interplay of these proteins during infection. Indeed, the
capsid protein is another sobemoviral protein known to be involved in the spread
of some sobemoviruses. The CPs of RYMV and SCPMV have been
demonstrated to be needed for virus cell-to-cell movement but not for virus
replication (Brugidou et al., 1995; Sivakumaran et al., 1998). In addition, the
long distance movement of SCPMV and RYMV has been proposed to be
dependent on particle formation (Fuentes and Hamilton, 1993; Opalka et al.,
1998). The N-terminal part of all sobemoviruses CPs is rich in basic amino acids
and contains an arginine-rich region. This terminal part seems to be implicated
in CP-RNA interactions and RNA encapsidation (Lee and Hacker, 2001;
Satheshkumar et al., 2005) as well as in the regulation of T=3 particle formation
(Lokesh et al., 2002; Savithri and Erickson, 1983). It has also been shown that
the N-terminal part of SCPMV CP interacts with membranes (Lee et al., 2001)
and that the N-terminus of CfMV CP contains functional nuclear localization
signals (Olspert et al., 2010).
Although the movement in the form of virus particles has been proposed for
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some sobemoviruses, it has not been demonstrated. The infectivity of two CP
arginine-rich region CfMV mutants and of a virus incapable of producing CP
was tested in planta. In addition, CfMV expressing different CP EGFP fusions
were analyzed for cell-to-cell and systemic movement. To our surprise, the
experiments demonstrated that CP is dispensable for cell-to-cell as well as
systemic movement of CfMV in oats, wheat and barley.

Results
Infectivity of CP mutants
In the current study we wanted to analyze the role of CfMV CP and in particular
CP arginine-rich region in viral infection cycle. As the region encoding the
arginine-rich region of CfMV CP overlaps with the coding part of RdRp, two
different arginine-rich region mutants were generated. In mutant R5X, five
arginines were replaced by four non-basic amino acid residues, which also
caused the introduction of mutations into the RdRp gene (Figure 1A). In mutant
R3L, three out of five arginines were replaced by leucines and no mutations
were introduced to RdRp. A full CP knockout virus, titled noCP, was created by
mutating the CP initiation sequence AUGAUG to ACGACG and by introducing
a stop codon into the CP reading frame after its overlap with RdRp gene (Figure
1B).
Oat plants were biolistically inoculated with the mutant viruses and tested for
infection by Northern hybridization, RT-PCR and Western blot (Figure 2). The
analysis of inoculated leaves revealed that all three mutants were able to
replicate and accumulate in the inoculated leaves. To our surprise all three
mutants were also able to infect the host plant systemically. Sequencing of the
fragments obtained by RT-PCR proved that the viral RNA detected from upper
leaves still carried all the mutations (data not shown). As expected we were not
able to detect CP in the case of mutant noCP (Figure 2A, W.blot). Indeed, CP
was undetectable for this mutant even after enrichment for CP by
immunoprecipitation (data not shown).
In comparison, R5X had the lowest RNA levels of all tested viruses while R3L
usually had a similar or slightly lower titer than wild-type (wt) CfMV (Figure 2
and our unpublished observations). Mutant noCP usually had reduced
accumulation when compared to wt CfMV (Figure 2). Sometimes the subgenomic RNA levels of mutant noCP were significantly higher than genomic
RNA levels (data not shown).
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Figure 1. Overview of the mutations introduced into the CfMV genome. (A)
Mutations in the arginine rich region of CP and the corresponding mutations in RdRp.
The RdRp is translated in –1 reading frame in relation to CP. Wild type (wt-RdRp and
wt-CP) and mutated (R5X-RdRp, R5X-CP, R3L-RdRp and R3L-CP) amino acid
sequences of the changed regions are indicated in single letter code. CfMV genome: Pro,
protease domain, VPg, VPg domain. (B) Representation of CfMV mutant noCP, in which
the initiation codon of CP is mutated and an additional stop codon, indicated with an
asterisk, is introduced into the CP reading frame after RdRp sequence.

Mechanical transmission of CP mutants
As CP is essential for the formation of virus particles, it was interesting to see
whether the mutant viruses would be transmissible by mechanical inoculation.
Oat plants were inoculated with sap obtained from the upper leaves of plants
infected with the mutants and analyzed for CfMV infection as described above
(Figure 2B). Mechanical transmission of mutant R3L occurred in a similar way
to wt virus, as CfMV infection was detected in both inoculated and upper leaves.
However, in the case of mutant R5X the transmission was successful in the
inoculated leaves, but the mutant was unable to infect the plants systemically.
For both mutants the presence of the mutations in the viral RNA was verified by
sequencing (data not shown). Interestingly, we were unable to detect infection in
plants inoculated with noCP. Again R5X accumulated poorly while R3L and wt
CfMV had roughly similar titers (Figure 2).
97

Figure 2. Detection of CfMV infection in oat plants inoculated with CfMV. (A)
N.blot - Northern hybridization analysis of total RNA extracted from plants inoculated
with CfMV (WT) and CfMV mutants (R3L, R5X, noCP). RNA from a non-inoculated
plant (n.i.) was used as negative control and RNA from a plant previously known to be
infected was used as positive control (p.c.). Samples were collected from the inoculated
leaves (Inoculated) at 14 dpi and from upper leaves (Systemic) at 21 dpi. The
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hybridization was carried out with a radioactive probe detecting CfMV CP coding
region. Upper asterisk shows genomic RNA and the lower one corresponds to
subgenomic RNA, ethidium-bromide staining of 28S ribosomal RNA (rRNA) serves as
loading control. RT-PCR - analysis of the same RNA by reverse transcription PCR using
primers amplifying the region of RdRp and CP genes. W.blot - Western blot analysis of
plant total protein extracts with polyclonal anti CfMV CP antibody (CP-ab). For W.blot
an additional positive control was not used. Ribulose-1,5-bisphosphate carboxylase
oxygenase large subunit (RuBP-L) was visualized with Poucean S stain as loading
control. (B) Detection of CfMV infection in sap-inoculated plants. Oat plants were sapinoculated with CfMV and its mutants. Analysis and annotation as described in A.

Infectivity of mutant noCP in other hosts
In order to analyze whether the CP of CfMV is dispensable for infection and
systemic movement also in other host plants, wheat and barley plants were
biolistically inoculated with CfMV and the mutant noCP. Infection and systemic
movement of noCP occurred in both host species similarly to what was observed
in oat (Figure 3). The mutant noCP usually accumulated to lower levels than wt
CfMV and displayed an increased sub-genomic RNA to genomic RNA ratio. The
latter was most clearly seen in wheat (Figure 3), although the tendency was
present in all tested hosts (Figure 2-3). In wheat, the mutant noCP produced
strong systemic symptoms similarly to wt CfMV (data not shown).

Movement of CP-EGFP and CPdelta-EGFP viruses
Since it was demonstrated that the CP was dispensable for cell-to-cell and long
distance movement of CfMV, it was decided to further characterize CfMV
movement. Therefore, two EGFP expressing CfMV viruses were constructed
(Figure 4). EGFP was fused to the C-terminus of the full length CP (CP-EGFP)
or placed instead of the CP C-terminus (CPdelta-EGFP).
Oat plants were biolistically inoculated and virus movement was analyzed by
monitoring EGFP fluorescence in inoculated tissues. At two days postinoculation (dpi) the fluorescence was visible mainly in single epidermal cells
and in small foci of mesophyll cells (Figure 5). The CP-EGFP fusion protein
localized to the nucleus and cytoplasm of epidermal cells (data not shown). At
three dpi the EGFP was detected in the neighboring epidermal cells and the
infection foci in the mesophyll were expanding. From the fourth to the sixth dpi
the area of infected mesophyll cells continued to grow and presumably reached
the vasculature. Beyond that time point the infected area stopped to grow and
fluorescence started to fade due to the spreading necrosis caused by the initial
biolistic inoculation.
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Figure 3. Detection of CfMV and mutant noCP in biolistically inoculated wheat and
barley plants. The host plant is indicated above the panels. N.blot - Northern
hybridization analysis of total RNA extracted from plants inoculated with CfMV (WT)
and CfMV CP deletion mutant (noCP). Samples from a non-inoculated plant (n.i.) were
used as negative control. Samples were collected from the inoculated leaves (Inoculated)
at 14 dpi and from upper leaves (Systemic) at 21 dpi. The hybridization was carried out
with a radioactive probe detecting CfMV CP coding region. Upper asterisk shows
genomic RNA and the lower one corresponds to subgenomic RNA, ethidium-bromide
staining of 28S ribosomal RNA (rRNA) serves as loading control. RT-PCR - analysis of
the same RNA by reverse transcription PCR using primers amplifying the region of
RdRp and CP genes. W.blot - Western blot analysis of plant total protein extracts with
polyclonal anti CfMV CP antibody (CP-ab). Ribulose-1,5-bisphosphate carboxylase
oxygenase large subunit (RuBP-L) was visualized with Poucean S stain as loading
control.
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In the case of CPdelta-EGFP the fluorescence was considerably weaker of what
was observed with CP-EGFP. The fluorescence appeared strongest around the
third to the fourth dpi with CPdelta-EGFP (Figure 5). Weak fluorescence was
detected in single epidermal cells after two dpi, which sometimes spread to
neighboring epidermal cells the following days. EGFP was not detected in
mesophyll cells. The signal from epidermal cells usually disappeared around the
fifth day (Figure 5).
No distinguishable EGFP signal was detected in the upper leaves with either of
the EGFP containing viruses.

Figure 4. Schematic representation of EGFP expressing CfMV viruses. CP-EGFP –
EGFP is fused to the C-terminus of full-length CP. CPdelta-EGFP – EGFP is replacing
CP C-terminus starting from the nucleotide position 3311. Both viruses have full-length
3' UTR.
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Figure 5. 1-7 days post inoculation of CP-EGFP and CPdelta-EGFP CfMV movement in inoculated oat leaves. Upper two panels
correspond to CP-EGFP and lower two to CPdelta-EGFP. Oat leaves were biolistically inoculated with mutant CfMV clones expressing
EGFP fused to either the full length CP (CP-EGFP) or in place of the CP C-terminal region (CPdelta-EGFP). Virus localization was
monitored by EGFP fluorescence.

Detection of CfMV recombination mutants
Although no EGFP was detectable in the upper leaves of plants infected with
CP-EGFP or CPdelta-EGFP, some of these plants developed CfMV infection
symptoms in the upper leaves (data not shown). This prompted for the further
analysis of the upper leaves. Indeed, viral RNA was detected from the upper
leaves of inoculated plants by RT-PCR but the fragments had considerably lower
molecular weight than expected (data not shown). Sequencing revealed that the
initially EGFP containing viruses had lost the EGFP sequence as well as
different portions of CP/RdRp coding sequence (Figure 6). CfMV RdRp coding
sequence ends at position 3256 and nucleotides (nt) 3093-3857 code the CP. Two
different naturally occurring deletion mutant subsets were identified. In the first
group nt from around 3244-3253 to 3864 of the RdRP and CP genes (numbering
corresponds to wt CfMV) were deleted. Usually around 5 nt were present at the
junction site, that could not be matched to CfMV sequence, but in some cases up
to 65 nt of EGFP sequence were nested inside the CfMV sequence (data not
shown). Deletion mutants belonging to the first group were detected in plants
inoculated with either CP-EGFP or CPdelta-EGFP. The second group was
comprised of viruses where nt between 3831-3854 to 3864-3868 at the end of
the CP gene were missing. These mutants were obviously only detected in plants
inoculated with CP-EGFP.

CP and RNA silencing
According to the results obtained in this study, CP is not needed for the
movement of the virus but it could help viral spread facilitating its accumulation.
As enhancement of viral accumulation can occur due to suppression of RNA
silencing, we tested if CP of CfMV is such a suppressor. Using the
Agrobacterium-mediated transient expression method we infiltrated N.
benthamiana 16c line, expressing GFP, with Agrobacterium carrying the RNA
silencing inducer GFP gene together with Agrobacterium containing CfMV CP
gene. As controls we infiltrated in a similar way GFP together with the empty
vector or together with CfMV P1, known as RNA silencing suppressor
(Sarmiento et al., 2007). To test if P1 suppressor’s activity could be influenced
by CP, we also infiltrated a mixture of Agrobacterium carrying both genes
together with GFP.
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Figure 6. Overview of spontaneous CfMV deletion mutants detected from noninoculated upper leaves of oat plants inoculated with CP-EGFP and CPdelta-EGFP.
Wt CfMV – the 3' end organization of CfMV genome. Rec. CfMV group I – group of
recombinant viruses which had lost CfMV nt from 3244-3253 to 3864 of the RdRp and
CP genes along with the EGFP sequence. Rec. group II – graphic description of
recombinants which had lost CfMV nt from 3831-3854 to 3864-3868 of the CP cistron
together with EGFP sequence.. The numbering corresponds to the nucleotides in wt
CfMV genome.

At 5 dpi, when RNA silencing had just started, the amount of GFP fluorescence
inside the infiltrated patch was less in the case of leaves inoculated with CP or
with the empty vector (pBin61), compared to the leaves infiltrated with P1 or
with the mixture containing CP and P1 (Figure 7 A). The molecular analysis of
GFP siRNAs in the infiltrated patches of these leaves confirmed our results: in
the case of pBin61 the amount of 21-nt, 22-nt and 24-nt siRNAs was the same as
for CP, whereas in the case of P1 or of CP+P1 the amount of siRNAs was
considerably lower and only the 21-nt siRNAs were detectable (Figure 7 B). We
followed the spread of the RNA silencing signal until 21 dpi. During this time,
there was a clear difference between plants infiltrated with pBin61 or CP and the
ones infiltrated with P1 or with CP+P1. The amount of red (silenced) tissue was
considerably higher in the first group compared to the latter, where the silencing
did not reach the upper leaves (data not shown).
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Figure 7. CP of CfMV is not a suppressor of RNA silencing. (A) N. benthamiana 16c
leaves infiltrated with A. tumefaciens harboring the constructs shown on the upper part
of the panels (P1 of CfMV, CP of CfMV, empty vector pBin61) together with A.
tumefaciens harboring GFP. Pictures were taken 5 dpi under UV light. (B) Northern blot
of RNA isolated from the infiltrated patches of N. benthamiana 16c leaves infiltrated as
indicated in (A). The upper part shows the radioactive detection of GFP siRNAs (24 nt,
22 nt and 21 nt long). The lower part shows ethidium bromide staining of rRNA as
loading control.
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Discussion
The arginine-rich region of CP of sobemoviruses and other virus genera has been
studied before. The CP of mutants R3L and R5X localizes to cytoplasm and
nucleus whereas the wt CP localizes almost exclusively to the nucleus (Olspert
et al., 2010). Results obtained here, with viruses containing the same mutations
in CP, demonstrate that these mutations have no deleterious effect on virus cellto-cell and systemic movement as well as on mechanical transmission in oats.
The majority of CP-EGFP fusion protein localizes to the cell nucleus when
expressed independently from the rest of the virus genome (Olspert et al., 2010).
Here we observed that when CP-EGFP was expressed together with the rest of
the viral proteins, the fluorescence did not accumulate in the nucleus, but
remained evenly distributed between cytoplasm and nucleus. Most probably the
CP was interacting with other viral and/or host proteins or with full-length
genomic RNA and therefore was not accumulating in the nucleus any more.
Despite these possible interactions, CfMV CP null mutant (noCP) was capable
of cell-to-cell as well as systemic movement in all three tested hosts. The fact
that CfMV CP is not strictly needed for the infection was further demonstrated
by experiments with viruses expressing CP-EGFP and CPdelta-EGFP. As
expected, the virus replicated in single epidermal cells and migrated to the
mesophyll, beneath these epidermal cells, from where it presumably entered
vascular tissue. Spontaneous CfMV recombination mutants detected in plants
inoculated with mutants CP-EGFP/CPdelta-EGFP that lacked most of the CP
cistron (group I, deleted nt 3254-3864), produced systemic infection as well as
symptoms.
In contrast to the results presented in the current study, it has been previously
documented that sobemoviruses require P1 as well as CP for systemic movement
(Brugidou et al., 1995; Fuentes and Hamilton, 1993; Opalka et al., 1998;
Sivakumaran et al., 1998). A RYMV CP mutant failed to infect rice plants
systemically, but accumulated in the inoculated leaves, indicating cell-to-cell
movement (Brugidou et al., 1995), whereas SCPMV CP initiation codon mutant,
analogous to CfMV noCP, was undetectable even in inoculated leaves, but
replicated in protoplasts (Sivakumaran et al., 1998). The CP of Turnip rosette
virus, another sobemovirus, has been reported to facilitate long distance
movement of red clover necrotic mosaic dianthovirus (Callaway et al., 2004).
Based on protein interaction studies of P1 with either CP or native virions of
SeMV, which is very closely related to SCPMV, Chowdry and Savithri (2010)
have proposed a model for CP involvement in SeMV movement. We conclude
that CfMV in general utilizes a different movement strategy from SCPMV and
RYMV and that distinct sobemoviruses have different movement strategies.
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The viral RNA genome is usually transported from cell-to-cell and systemically
through the vasculature either as virions or as some other form of RNP complex.
Trafficking as virions can be now ruled out for CfMV, at least in the tested host
plants. Previously we have reported that P1 is indispensable for virus movement
and accumulation in oats (Meier et al., 2006). As CfMV P1 is the viral
suppressor of RNA silencing (Sarmiento et al., 2007), it still remains unclear
whether P1 facilitates virus spread as a suppressor or as a member of the
movement RNP complex. Here we demonstrate that CP of CfMV does not
possess RNA silencing suppressor activity in 16c N. benthamiana, nor is it
influencing the suppression activity of P1. It is also possible that CfMV CP
contributes to virus spread through enhancement of accumulation. Such claim is
supported by experiments with RYMV, which accumulated to higher levels in
transgenic plants expressing RYMV CP compared to control plants, indicating
that transgenic CP further enhanced virus infection and accumulation (Kouassi et
al., 2006). The authors speculated that CP may enhance viral accumulation by
influencing replication or host susceptibility or, alternatively, by suppressing
RNA silencing. For CfMV, at least this latter possibility seems not to be true.
In our experiments the mutant noCP had reduced accumulation compared to wt
CfMV in both inoculated and systemically infected leaves of all three challenged
hosts. In the case of wt CfMV infection, the genomic and subgenomic RNAs
were usually detected at the same level and if there was a difference, then
sgRNA was detected at a lower level (Figure 2-3). However, in the case of noCP,
the sgRNA was generally detected at higher levels than genomic RNA,
suggesting an involvement of CP in the regulation of sgRNA and/or genomic
RNA synthesis. CP accumulation can be the signal to switch from sgRNA
production to the synthesis of genomic RNA, which is then encapsidated by CP.
Interestingly, we were unable to transmit noCP mechanically, whereas R3L and
R5X were transmittable. This demonstrates that CP is necessary for an efficient
transmission and that mutations in the arginine-rich region do not affect the viral
RNA-CP complex involved in this transmission. The mutant noCP should be, in
theory, transmissible as well, since viral RNA is all what is needed for initiating
the infection. Nevertheless, we have observed that mechanical inoculation with
in vitro synthesized CfMV RNA is less efficient than biolistic inoculation with
the same RNA (our unpublished observations). When compared to the R3L and
R5X (that were transmissible), mutant noCPdid not have significantly lower
viral RNA levels in systemically infected leaves (Figure 2). Most likely the
formation of virus particles is necessary for the efficient CfMV transmission.
However based on the data currently available, we cannot rule out that in wildtype situation CfMV is moving as some other type of RNP complex, instead of
particles.
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Mutant R5X failed to produce systemic infection in mechanically inoculated
plants. Compared to plants biolistically inoculated with wt CfMV or R3L, the
plants inoculated with R5X usually appeared to have a lower viral load in
systemically infected leaves (Figure 2 and our unpublished observations). Since
R5X has also a mutation in the RdRp, we propose that this deficiency is due to
the mutation in RdRp. Thus, we assume that the movement of R5X itself was
normal, as transmission of the virus was also successful.
In the case of CP-EGFP, the EGFP sequence was longer retained within the
genome, as progeny viruses replicating in the mesophyll still expressed EGFP,
whereas for CPdelta-EGFP the EGFP gene was already lost when the virus
entered the mesophyll cells. The recombinant viruses we detected could be
divided into two groups based on how much of the CP cistron was retained.
Furthermore, it seems that, if available, the virus usually maintains as much of
the CP sequence as possible. Foreign EGFP sequence seems to be the trigger for
recombination because we have not encountered recombinants in plants infected
with noCP mutant.
It is somewhat surprising that the mutants isolated from non-inoculated upper
leaves, which had lost the EGFP and CP coding sequences, all contained almost
the entire3'UTR. The 3' UTR starts at nt 3858 and the recombinant mutants had
retained the sequence starting from nt 3865 or 3869. This leads us to speculate
that the 3' UTR might contain sequences or structural elements important for the
transport, as the full-length 3' UTR is not needed for replication, translation and
accumulation in oats (Olspert, unpublished results). Another explanation is that
nt 3865-3869 simply contain a hot-spot for recombination. These two
hypotheses are, of course, not mutually exclusive.
Altogether we have demonstrated that in different pathosystems individual
sobemoviruses can exploit alternative cell-to-cell and long distance movement
strategies. It would be interesting to determine whether the CfMV P1 RNA
silencing suppressor activity can be uncoupled from the movement function and
to determine the composition of the movement RNP complex if such exists at
all. The mechanism by which CP contributes to higher virus accumulation of
CfMV is an interesting object of further investigation as well.
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Experimental procedures
Construction of CfMV mutants
Base numbering of constructs generated for this study corresponds to CfMV
Norwegian isolate (Mäkinen1995). All CfMV cDNA clones were created by
modifying the original cDNA clone (Meier2006). It was decided to simplify
plant inoculation by removing the necessity for in vitro RNA synthesis before
plant inoculation. To achieve this, the CfMV genome was cloned downstream of
CaMV 35S promoter and Hepatitis delta virus ribozyme together with nopaline
synthetase terminator were introduced after the genome in order to maintain the
exact 3' end of the genome after transcription. The exchange of the promoter and
the addition of the ribozyme coupled with a terminator were carried out using
overlap-extention-PCR with appropriate primers and standard cloning
techniques.
cDNA clones of CfMV containing mutations were also generated using overlapPCR. Mutations of R5X and R3L were introduced by primers described in
Olspert et al. (2010) and in mutant noCP the CP initiation sequence ATGATG
was mutated to ACGACG. Using primers containing the mutations, the CfMV
fragments containing nt 3096-3853 and 1604-3162 were produced and merged
in a following round of PCR, so that a fragment corresponding to CfMV nt
1604-3853 was obtained. The latter fragment was used to introduce the
mutations to the CfMV cDNA by employing NcoI sites at positions 2508 and
3619. In the case of virus mutant noCP, in addition to the CP initiation codon
mutation a stop codon was introduced to CP reading frame after the overlap with
RdRp gene (Figure 1B). This was achieved by cleaving the plasmid with XmaJI
restrictase at CfMV position 3311, filling in the termini and re-ligating the
plasmid. This produced a reading frame switch starting from position 3311 and
an in frame stop codon at positon 3343.
Virus clones expressing CP EGFP fusions were generated by replacing the
CfMV sequence between XmaJI and PstI restriction sites at positions 3311 and
3869, respectively. In the case of CP-EGFP, the fusion sequence was obtained by
PCR using a plasmid expressing the fusion protein (Olspert2010) as the
template. For CPdelta-EGFP EGFP primers with aforementioned restriction sites
were used to generate the appropriate fragment.
All DNA constructs used in this work were verified by sequencing.

Plant inoculation and virus detection
12-14 days old oat (cv. Jaak) plants

were inoculated biolistically (Helios,
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BioRad) with CfMV constructs according to manufacturer's instructions.
Samples from the inoculated leaves were collected at 14 dpi and from upper
leaves at 21 dpi. Each experiment was repeated at least twice and with a
minimum of 8 plants per construct. Follow-up analysis in wheat (cv. Zebra) and
barley (cv. Kymppi) were conducted once with 16 plants per construct. Plant
tissue was homogenized with TissueLyzer (QIAgen) and total RNA was
extracted from samples according to (Logemann et al., 1987) and subjected to
standard Northern blot analysis. The RNA was electrophoretically separated on
1% agarose/formaldehyde gel and transferred to Hybond N+ membrane (GE
Healthcare). Viral RNAs were detected by hybridization with [α-32 P]dCTPlabeled probe specific for the CfMV CP gene (nt 3093–3857). The analysis of
RNA by RT-PCR was carried out with primers detecting nt 2749-4082 of the
positive strand of viral RNA The obtained RT-PCR fragments were purified from
the agarose gel and the region containing the mutations was sequenced. Protein
samples from the same material were obtained in parallel from the cell debris
collected after the first centrifugation of RNA extraction. The pellet was
suspended in PBS-Tween buffer and total protein was precipitated from the
supernatant with TCA. Subsequently, the protein extract was analyzed on 12.5%
SDS-PAGE, blotted onto Hybond C membrane (GE Healthcare) and probed with
rabbit anti-CP polyserum (Tamm1999). Goat anti-rabbit HRP conjugate was
used for detection. Ribulose-1,5-bisphosphate carboxylase oxygenase large
subunit was visualized with Poucean S stain for calibration.
For the analysis of mechanical transmission, the upper leaves of infected plants
were ground in liquid nitrogen and the homogenate suspended in 10 volumes
(w/v) of 100 mM potassium phosphate buffer (pH 7.0) containing 0.5% Celite.
This suspension was used to mechanically inoculate plants and the following
analysis of virus infection was done as in the case of bombarded plants.

Agroinfiltration assay and siRNA analysis
CfMV CP coding sequence nt 3096–4082 was amplified with primers containing
the appropriate restriction sites, excised with BamHI and FspAI and cloned into
pBin61 between the 35S promoter and Nos terminator to give pBin61-CP. 35SCP refers to Agrobacterium tumefaciens containing pBin61-CP.
The A. tumefaciens strain used throughout the experiment was C58C1. Equal
volumes of 35S-CP and 35S-GFP (A. tumefaciens carrying GFP, kindly provided
by D. Baulcombe), as well as of 35S-P1 [A. tumefaciens containing CfMV P1,
(Sarmiento et al., 2007)] and 35S-GFP or 35S-P1 and 35S-CP together with 35SGFP (total volume divided in three parts) were mixed and co-infiltrated (OD600 =
1) to N. benthamiana line 16c (kind gift of D. Baulcombe) leaves of 4-week-old
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plants, as described previously (Hamilton et al., 2002). As a control, A.
tumefaciens carrying the empty binary vector pBin61 was infiltrated together
with 35S-GFP. Three independent experiments were carried out, each including
at least 5 infiltrated plants for each mixture (35S-GFP+35S-CP, 35S-GFP+35SP1, 35S-GFP+35S-CP+35S-P1 and 35S-GFP+pBin61). Infiltrated plants were
kept in a plant chamber at 22 °C under a 16-h photoperiod. GFP fluorescence
was monitored using a hand-held 100 W, long-wave UV lamp (Black-Ray B100AP, Ultraviolet Products) until 21 dpi. Plants were photographed with Pentax
K200D digital camera and pictures were processed with Adobe Photoshop CS2
(version 9.0.2).
Total RNA was extracted from the infiltrated patches 5 dpi using TRIzol reagent
(Invitrogen) according to the manufacturer's instructions. 15 µg of total RNA
were denatured and loaded on 15 % polyacrylamide gel (19:1 ratio of
acrylamide to bis-acrylamide, 8 M urea). The gel was run at 400 V for 3,5 h and
then cut in the middle. The lower half of the gel was transferred to Hybond N+membrane by electroblotting in 0.5 X TBE buffer at 10 V overnight.
ULTRAhyb-Oligo buffer (Ambion) was used for overnight hybridization at 42
°C. As a radioactive probe DNA oligo containing a sequence complementary to
GFP (5’-CTCTTGAAGAAGTCGTGCCGCTTCATATGA-3’) was end-labeled
with 32P by T4 polynucleotide kinase (Fermentas) and purified through NICK
Sephadex G-50 columns (GE Healthcare) according to manufacturers’ protocols.
The membrane was finally washed twice with 2 X SSC, 0.1% SDS for 30 min at
42 °C. Radioactive signal was detected after one hour exposure using Personal
Molecular Imager FX (BioRad). As a reference marker we used a 30-nt [32P]end labeled DNA oligo.
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ABSTRACT
The genus Sobemovirus comprises of small spherical plant viruses with a
single positive-sense ssRNA genome of approximately 4 – 4.5 kb.
Sobemoviruses have a viral protein genome-linked (VPg) covalently attached to
the 5' end of genomic and subgenomic RNAs. The genome contains four open
reading frames. The 5' proximal encodes P1, which is the RNA silencing
suppressor. The viral coat protein (CP) is expressed from the 3’ proximal ORF3
via subgenomic RNA. The central part of the genome encodes the viral
polyprotein, which is processed to at least the following domains: protease, VPg
and RNA-dependent RNA polymerase (RdRp). The RdRp is expressed utilizing
-1 programmed frameshift mechanism. The icosahedral virions are assembled
according to T = 3 quasisymmetry, contain 180 CP molecules and are
approximately 30 nm in diameter.
In addition to sobemoviruses, at least picornaviruses, caliciviruses,
comoviruses, poleroviruses, enamoviruses, nepoviruses and potyviruses have
been reported to contain VPgs. The VPgs from these genera have been
demonstrated to be linked to RNA over a phosphodiester bond formed between
the 5' end of RNA and the hydroxyl group of either serine or tyrosine. Besides
being linked to RNA the VPgs from different genera have little in common.
They vary considerably in size and are not homologous. For some viruses the
main biological role of VPg is to serve as the primer for viral RNA synthesis
while for others VPg requirement for viral RNA translation has been more
clearly established.
Currently available sobemoviral VPg sequences share only one common
short motif and lack a suitable conserved amino acid residue that could be used
universally for RNA linking. Therefore, in the current study it was decided to
analyze the VPg-RNA linkage of several sobemoviruses. We determined that
Cocksfoot mottle virus (CfMV) VPg is linked to RNA through a tyrosine residue
at position five, while Rice yellow mottle virus (RYMV) and Ryegrass mottle
virus (RGMoV) utilize a serine residue at the first position of VPg for RNA
linking. Moreover, we demonstrated that Southern bean mosaic virus (SBMV)
VPg is attached to RNA over a threonine residue at the first position. This
demonstrates unprecedented positional and chemical versatility regarding RNA
linking within one genus. Furthermore, VPg linking to RNA over a threonine
residue has not been described before. In addition, we identified the termini of
the corresponding VPgs and discovered several phosphorylation sites in each
VPg.
The biological aspects of sobemoviral CPs besides virion formation are not
well defined. The sobemoviral CP is an RNA binding protein, particularly the Nterminal part is rich in basic amino acid residues and contains an arginine-rich
motif (ARM). For some members of the genus the CP has been demonstrated to
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be dispensable for virus replication but indispensable for movement.
In this thesis CfMV CP subcellular localization and CP involvement in virus
movement were addressed. The analysis of CfMV CP localization by transiently
expressed enhanced green fluorescent protein (EGFP) and CP hybrids revealed
that the protein is localized to the nucleus. In conclusion, we determined that
CfMV CP N-terminus contains two nuclear localization signals. Furthermore,
microinjection studies demonstrated that the wild-type CP was capable of
transporting RNA to the nucleus in a sequence-nonspecific manner. These results
suggest that the nucleus may be involved in CfMV infection. However, the same
CP-EGFP hybrid displayed both nuclear and cytoplasmic distribution in CfMV
infected cells. Further investigation of CfMV movement revealed that the CP is
dispensable for cell-to-cell as well as systemic movement in different hosts.
However, the accumulation of the CP-deficient virus was usually reduced when
compared to wild type CfMV. In addition we demonstrated that CP does not
have RNA silencing suppressor activity nor does it modulate the RNA
suppression activity of P1. Taken together this suggests that CfMV can move in
the infected plants without the help of the CP and that CfMV CP ability to
enhance virus infection is not realized through the suppression of RNA
silencing.
In conclusion, this thesis reveals novel aspects of the biological properties of
sobemoviral structural proteins and, hopefully, provides the basis for further
investigations.
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KOKKUVÕTE
Sobemoviirused on taimeviiruste perekond, mille liikmetel on väikesed
sfäärilised virionid ning nende genoomiks on üheahelaline positiivse
orientatsiooniga RNA pikkusega 4 - 4,5 kb. Sobemoviiruste genoomse ja
subgenoomse RNA 5' otsadesse on kovalentselt seotud viiruse genoomiseoseline
valk VPg. Sobemoviiruste genoomid sisaldavad nelja avatud lugemisraami.
Kõige 5' poolsemalt lugemisraamilt sünteesitakse valk P1, mis on
geenivaigistamise supressor. Viiruse kattevalku (CP) kodeeriv lugemisraam asub
genoomi 3' otsa lähedal ning valgusüntees toimub sellelt subgenoomse RNA
vahendusel. Sobemoviiruste genoomide keskosas asuvad kaks teineteisega
kattuvat lugemisraami, milledelt transleeritakse polüproteiini, mis protsessitakse
hiljem vähemalt proteaasiks, VPg-ks ja RNA-sõltuvaks RNA polümeraasiks
(RdRp). RdRp sünteesiks kasutatakse -1 ribosomaalse raaminihke mehanismi.
Sobemoviiruste virionid on umbes 30 nm läbimõõduga ning sisaldavad 180 CP
molekuli vastavalt T = 3 sümmeetriale.
Lisaks sobemoviirustele on VPg olemasolu täheldatud ka vähemalt picorna-,
calici-, como-, polero-, enamo-, nepo- ja potyviirustel. Nende perekondade
viirustel on näidatud, et VPg on RNA-ga seotud fosfodiester sidemega, mis on
moodustunud RNA 5' otsa ja seriini või türosiini hüdroksüülrühma vahel.
Erinevate perekondade VPg-d pole järjestuselt omavahel sarnased ning ka nende
suurused on küllaltki erinevad. Osadel viirustel kasutatakse VPg-d praimeriks
viraalse RNA sünteesil, samas teiste puhul on näidatud VPg rolli viraalse RNA
translatsioonis.
Nende sobemoviiruste, millede genoomid on sekveneeritud, VPg
primaarjärjestustes esineb ainult üks kõigile omane motiiv ning ei leidu ühtegi
sobivat konserveerunud aminohappe jääki, mille külge võidaks siduda RNA.
Seetõttu otsustati antud töös määrata mitme erineva sobemoviiruse puhul VPg
aminohappe jääk, mille külge seotakse viiruse RNA. Keraheina laiguviiruse
(CfMV) puhul osutus selleks türosiin VPg viiendas positsioonis, samas kui riisi
kollalaiksuse viiruse (RYMV) ja raiheina laiguviiruse (RGMoV) puhul leiti, et
RNA on seotud VPg N-terminaalse seriini külge. Seevastu selgus, et põldoa
mosaiigiviiruse (SBMV) RNA on VPg külge seotud üle N-terminaalse treoniini.
Need tulemused näitavad, et sobemoviiruste perekonnas on VPg ja RNA
sidumiseks kasutatavate aminohapete positsioon ja füüsikalis-keemilised
omadused üllatavalt mitmekesised. RNA sidumist treoniini jäägi kaudu pole
varem kirjeldatud ühegi teise viiruse puhul. Täiendavalt määrati katsete käigus
eelpool nimetatud viiruste VPg-de terminused ning leiti iga VPg puhul mitu
fosforüleeritud aminohappe jääki.
Hetkel pole teada, kas lisaks virioni moodustamisele on sobemoviiruste CPdel täiendavaid bioloogilisi funktsioone. On teada, et sobemoviiruste CP-d
seovad RNA-d, nende N-terminaalsed regioonid on rikkad aluseliste
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aminohappe jääkide poolest ning seal asub kõigile perekonna liikmetele omane
arginiinirikas motiiv. Mõnede viiruste puhul on näidatud, et CP ei ole vajalik
replikatisoonil, kuid osaleb viiruse liikumises peremeestaimes.
Käesolevas töös uuriti CfMV CP rakusisest lokalisatsiooni ning osalemist
viiruse liikumises. Transientselt ekspresseeritud CP ja roheliselt fluorestseeruva
valgu (EGFP) hübriidid lokaliseerusid raku tuuma. Selgus, et CfMV CP Nterminaalses alas paikneb kaks tuumalokalisatsiooni signaali. Täiendavad
mikroinjektsiooni katsed näitasid, et CfMV CP suudab endaga koos transportida
rakutuuma ka RNA-d sõltumata selle järjestusest. Need tulemused viitavad
sellele, et raku tuum ning selle komponendid võivad osaleda CfMV
infektsioonitsüklis. Samas hilisemates katsetes, kus jälgiti samade CP-EGFP
hübriide rakusisest lokalisatsiooni CfMV-ga nakatunud rakkudes, täheldati
hübriidvalgu lokalisatsiooni ühtlaselt nii tuumas kui ka tsütoplasmas. Viiruse
liikumise analüüsil erinevates peremeestaimedes selgus, et CfMV CP pole
vajalik ei rakust rakku ega süsteemseks liikumiseks. Samas akumuleerus ilma
CP-ta viirus madalamal tasemel kui metsikut tüüpi CfMV. Lisakatsed näitasid, et
CfMV CP ei ole geenivaigistamise suppressor ega mõjuta CfMV valgu P1 poolt
teostatavat vaigistamise suppressiooni. Antud tulemuste põhjal võib järeldada, et
CfMV on võimeline liikuma peremeestaimes ilma CP-ta ning viimase positiivne
mõju viiruse akumulatsioonile ei ole seotud geenivaigistamise suppressiooniga.
Kokkuvõtvalt kirjeldatakse käesolevas töös sobemoviiruste struktuursete
valkude seni teadmata bioloogilisi omadusi, mis võimaldab tulevikus paremini
mõista ja uurida nende valkude funktsioone.
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