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Abstract Ourmiaviruses became the object of recent

attention for their unusual taxonomic placements among

plant viruses. The ourmia melon virus (OuMV) RNA3

encodes a 22-kDa coat protein (CP). Besides its role in

virion formation, the OuMV CP facilitates systemic virus

spread. In Nicotiana benthamiana, an eGFP-CP fusion

protein was localized in the nucleus and preferentially in

the nucleolus. By bioinformatics analysis, we identified an

arginine- and lysine-rich region at the N-terminus of the

CP. Here, we demonstrate by deletion and alanine scanning

mutagenesis that this region in the CP is responsible for its

preferential accumulation in the nucleolus of host cells.

Keywords Ourmiaviridae � Ourmia melon virus �
Nucleolus

Ourmia melon virus (OuMV) is the type member of the

genus Ourmiavirus [21]. Three plus-strand RNA molecules

form its genome, and each segment encodes only a single

protein, making this one of the simplest non-defective virus

genomes able to carry out a full infection cycle in nature.

We have determined that RNA1 encodes an RNA-depen-

dent RNA polymerase (RdRp), RNA2 encodes a

movement protein (MP), and RNA3 encodes a 22-kDa coat

protein (CP) [22]. Phylogenetic analysis showed that ou-

rmiaviruses likely originated through a peculiar evolu-

tionary process based on reassortment, possibly between a

mycovirus and a plant virus. In particular, OuMV RdRp

shares distant similarity with the RdRps of members of the

Narnaviridae, a family of viruses that infect mainly fungi,

yet the MP is distantly related to MPs of plant viruses of

the family Tombusviridae. The CP has limited but signifi-

cant similarity to CPs of plant and mammal viruses, but its

origin remains uncertain [22]. The virion morphology,

determined by the CP, is unique among plant RNA viruses:

bacilliform particles of three different lengths with pointed

ends [15]. In Nicotiana benthamiana, the mere expression

of the CP and RNA3 segment is not sufficient for virion

formation: virus particles are only formed when RNA1 is

co-expressed and active replication occurs [3]. The CP is

dispensable for cell-to-cell and long-distance movement in

N. benthamiana but is crucial for efficient virus spread. In

fact, without CP, RNA1 and 2 can move from inoculated

leaves through the phloem and reach the upper leaves in N.

benthamiana, but infection foci at the exit site remain

limited [3].

In agroinfiltrated N. benthamiana leaves, eGFP-CP

localizes in the nucleus and preferentially in the nucleolus

of epidermal cells (Fig. 2A) [3]. Given the various roles

played by the nucleolus in metabolic processes, such as

ribosome synthesis and assembly, stress response, mitosis,

cell growth, differentiation, and RNA silencing in plant

cells [9, 14, 18], it would be important to establish the

specific roles of the ourmiavirus CP in infection. It is well

established that the majority of DNA viruses and retrovi-

ruses alter nucleolar functions or produce nucleolus-tar-

geted molecules [10]. Nevertheless, the role of the nucleus

and nucleolus in RNA virus replication and assembly is
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Università di Torino, Viale P.A. Mattioli 25, 10125 Torino, Italy

123

Arch Virol (2014) 159:1187–1192

DOI 10.1007/s00705-013-1923-0

Author's personal copy

http://dx.doi.org/10.1007/s00705-013-1923-0


still under debate. Although a few studies have suggested

that the nucleus and nucleolus are not involved in mam-

malian virus replication [5, 27], the role of these cellular

compartments in RNA virus infection has become more

evident in recent years [9]. For plant viruses, the best

example of a functional interaction between an RNA virus

protein and the nucleolus is the interaction of the ORF3-

encoded protein of groundnut rosette virus (GRV) with

fibrillarin. This interaction results in the formation of ring-

like structures called ribonucleoprotein (RNP) particles [1],

which are essential for long-distance movement of this

umbravirus through the phloem [11, 12].

The aim of this study was to determine the region in the

CP sequence responsible for the preferential accumulation

of an eGFP-CP fusion protein in the nucleolus.

The targeting of a protein fusion is often expected to

vary according to the relative position of the GFP and

native protein in the engineered construct [17]. Since only

a GFP fusion to the CP N-terminus had been tested so far,

we constructed a clone encoding a C-terminal CP-eGFP

fusion protein. For this purpose, an NcoI restriction site

was inserted exactly at the 30 end of ORF3 by PCR-directed

mutagenesis using the primers listed in Table 1 and the

pGC-RNA3 clone as a template, using conditions described

previously [3]. The eGFP-encoding sequence was inserted

in the NcoI restriction site (Fig. 2). The use of this CP-

eGFP construct confirmed that CP targets eGFP to the

nucleolus irrespective of the fusion arrangement (Fig. 2E).

All putative nucleolar localization signals (NoLSs) that

have been characterized so far are rich in arginine and

lysine residues [4, 6, 9]. Significantly, we identified one

such region next to the N-terminus of the OuMV CP. Here,

the basic amino acid stretch 6KRKNRRNEKKK16 is a

good candidate for the NoLS of OuMV CP. In order to

verify the importance of this region in targeting the fusion

protein to the nucleolus, we developed two sets of mutants:

one carrying different deletions in the CP region and one

obtained through alanine scanning mutagenesis to replace

charged amino acids in the putative NoLS with alanine

residues (Table 1 and Fig. 1).

A previously described eGFP-CP fusion clone, named

pGC-GFP-CP [3], was used to generate the deletion mutant

clones described in Fig. 1. Deletions were produced by PCR

mutagenesis with Phusion high-fidelity polymerase (New

England Biolabs) as detailed before [3]: we used forward

and reverse oligonucleotides that amplified the full-length

clone, excluding the cDNA region that we wanted to delete.

All clones assembled in this study were checked by full-

length sequencing of the promoter and viral cDNA region in

order to confirm that only the expected mutations were

present. Agroinfiltration experiments were carried out as

detailed previously [16]. Leaves were examined 3 days

post-inoculation (dpi), since this has been shown to be the

day on which expression of the fusion proteins reaches a

maximum under the conditions tested [3].

Since eGFP localizes in the cytosol and nucleus when

expressed as a free protein, we first of all wanted to verify

that the putative NoLS of the CP was sufficient for transport

of the eGFP to the nucleolus (Fig. 2C). To this end, a cDNA

clone encoding an altered protein consisting of only the first

17 amino acids of CP fused with eGFP, named eGFP-N(1-

17), was constructed, and its intracellular localization was

observed using confocal laser scanning microscopy

(CLSM). The localization of eGFP-N(1-17) in the nucleolus

confirmed the presence of an NoLS function in the first 17

aa of the CP (Fig. 2G). Further deletion of a cDNA region

encoding 5 amino acids of the putative NoLS, resulting in

the eGFP-N(1-11) construct, did not interfere with

Table 1 Oligonucleotides used for PCR and site-directed mutagenesis

Construct namea Forward primer (50-30) Reverse primer (50-30)

CP-eGFP(*) TGGTAATCACGCACCGTATGATG TGGCGCTCAGGGAAGTCCGTAAG

eGFP-N(1-17) ACTTACTGGACTTCCCTGAGC GTTCTTCTTCTTCTCATTACG

eGFP-N(1-11) ACTTACTGGACTTCCCTGAGC ACGTCGATTCTTTCTCTTTGGG

eGFP-N(1-9) ACTTACTGGACTTCCCTGAGC ATTCTTTCTCTTTGGGAGTCTG

eGFP-D(5-11) AATGAGAAGAAGAAGAACGCACG GAGTCTGGCCATGGGCTTGTACAGC

eGFP-D(14-16) AACGCAAACGCATCGAGGGTCCAAAATG CTCATTACGTCGATTCTTTCTCTTTGG

eGFP-10 R/A CTCCCAAAGAGAAAGAATGCACGT

AATGAGAAGAA

TTCTTCTCATTACGTGCATTCTTTCTC

TTTGGGAG

eGFP-6,7-KR/AA CCAGCGGCAAAGAATCGACGTAATG GAGTCTGGCCATGGGCTTGTACAGC

eGFP-6,7,10-KRR/AAA (**) CTCCCAAAGAGAAAGAATGCACGTA

ATGAGAAGAA

TTCTTCTCATTACGTGCATTCTTTCTC

TTTGGGAG

eGFP-D(194-201) ACCGCGACTTACTGGACTTCCCTG CACCGATTGCTTGTGTACTAGATC

(*) Template: pGC-RNA3

(**) Template: eGFP-6,7-KR/AA
a Template: pGC-GFP-CP
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nucleolar localization (Fig. 2I). Only the removal of two

extra nucleotide triplets in the cDNA construct eGFP-N(1-

9) led to a reduction in accumulation of eGFP in the

nucleolus (Fig. 2K). These results confirmed our hypothesis

that a NoLS is present at the N-terminus of CP. In partic-

ular, the first 11 amino acids are necessary and sufficient to

drive the chimeric protein into the nucleolus.

In order to confirm these results and detect possible

interactions with other regions of the CP that might prevent

the exposure of the NoLS signal in the context of the full-

length CP, we progressively removed the cDNA region

coding for the basic amino acid stretch from the full-length

CP fused to eGFP and observed the intracellular distribu-

tion of each construct. Deletion of the cDNA region

encoding the entire putative signal resulted in a complete

exclusion of eGFP- D(5-16) from the nucleolus (Fig. 2O).

A partial deletion of the cDNA encoding the putative

NoLS, resulting in the clone eGFP- D(5-11), led to limited

accumulation of the protein in the nucleolus (Fig. 2M).

Finally, deletion of the cDNA coding for three sequential K

residues (eGFP-D(14-16)) did not affect nucleolar accu-

mulation of the fusion protein (Fig. 2Q).

With the caveat that even short deletions may dramati-

cally alter protein conformation and functionality, espe-

cially in such small proteins as OuMV CP, we generated

cDNA encoding specific amino acid substitutions by ala-

nine scanning mutagenesis using the QuikChange II Site-

Direct Mutagenesis Kit (Agilent). The template for muta-

genesis was a full-length RNA3 cDNA clone, pGC-GFP-

CP, which was used previously for agroinfiltration and

expression of CP [3]. A single alanine substitution at

position 10 (eGFP-10-R/A) did not influence targeting of

CP (Fig. 2S), but when we replaced the amino acids at

positions 6 and 7 (eGFP-6,7-KR/AA), we observed an

accumulation of the mutant CP at the periphery of the

nucleolus and a drastic reduction in protein accumulation

in the nucleolus (Fig. 2U). The triple substitution of the

mutant eGFP-6,7,10-KRR/AAA resulted in the complete

loss of targeting of the CP to the nucleolus (Fig. 2W). This

strongly confirmed the role of these basic amino acids in

nucleolar localization of OuMV CP.

In brief, our results indicate that the CP NoLS is func-

tional in the full-length protein. Both of our approaches,

based on partial deletions and targeted amino acid substi-

tutions, demonstrated that the nucleolar localization of the

eGFP-CP fusion protein is strongly dependent on the pre-

sence of three charged amino acids within the identified

NoLS.

The nuclear transport mechanisms in mammalian, yeast

and plant cells are highly conserved. Nuclear localization
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Fig. 1 Schematic representation of the constructs used in this study

and their intracellular distribution. The green boxes correspond to the

eGFP sequence, whereas the CP sequence is represented by grey

boxes. The boxes in red highlight the protein region containing the

NoLS, and the symbol ‘‘?’’ correspond to a positively charged amino

acid. No = the fusion protein is preferentially accumulated into the

nucleolus; N = the fusion protein can enter into the nucleus but not

into the nucleolus; No/N = the fusion protein can enter into the

nucleolus, but it is not preferentially accumulated in this compartment
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signals (NLSs) are well known and characterized. They

generally consist of a single or double stretch of basic

amino acids. Commonly, the NLS is not cleaved from the

protein after nuclear import and its activity is independent

of its position within the protein [13]. Nuclear export sig-

nals (NESs) have also been identified as consisting of a

leucine-rich stretch of *11-13 amino acids [13]. Analysis

of the OuMV CP sequence revealed a putative NES at the

C-terminus of the protein (194LGELSLTI201). A deletion

mutant of the putative NES was constructed and named

eGFP D(194-201). Even though this mutation did not affect

protein stability when not fused to GFP, as confirmed by

western blot (Supplementary Fig. S1), GFP fluorescence of

the fusion construct could not be detected.

A CB D

E F G H

I J K L

M N O P

Q R S T

U V W X

Fig. 2 Nuclear and nucleolar

distribution of CP derivatives

fused to GFP. Confocal laser

scanning microscopy (CLSM)

images are shown of single

nuclei of epidermal cells of

transgenic N. benthamiana

expressing the nuclear marker

H2B-RFP (panels B, D, F, H, J,

L, N, P, R, T, V, X) three days

after agroinfiltration with

constructs expressing eGFP-

CP(A), eGFP (C), CP-eGFP (E),

eGFP-N(1-17) (G), eGFP-N(1-

11) (I), eGFP-N(1-9) (K),

eGFP-D(5-11) (M), eGFP-D(5-

16) (O), eGFP-D(14-16) (Q),

eGFP-10-R/A (S), eGFP-6,7-

KR/AA (U), and eGFP-6,7,10-

KRR/AAA (W). The nucleolus

is indicated by a white

arrowhead. CLSM was

performed using a Leica TCS-

SP2 microscope (Leica

Microsystems). For GFP

imaging, excitation at 488 nm

and collection between 500 nm

and 525 nm were used. RFP

was excited at 544 nm and

imaged at 550 to 620 nm.

N = nucleus; No = nucleolus.

Bars equal 5 lm
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More limited information is available for NoLSs, and a

unique and conserved consensus signal has not been

identified yet. The putative NoLSs that have been charac-

terized so far are rich in arginine and lysine residues and

can be grouped in two categories: single- and multiple-

motif signals [4, 6, 9]. Our results show that only a single

nucleolar localization motif is present in OuMV CP. Only a

few cases of plant viral proteins targeted to the nucleolus

have been reported, and the NoLSs that have been char-

acterized so far are rich in positively charged amino acids

[2, 7, 8, 11, 19, 20, 23–26]. Alfalfa mosaic virus (AMV),

for instance, has a short NoLS that is rich in lysine and

arginine residues at the N-terminus of the CP, which, in

addition to its role as a sorting signal, acts as modulator of

RNA binding and it is responsible for cell-to-cell and long-

distance movement of AMV [8]. Chiba and co-workers [2]

showed that the presence of the NoLS in p14 of beet

necrotic yellow vein virus (BNYVV) is crucial for main-

taining p14 stability and its silencing suppression activity.

These examples show that a NoLSs can have multiple roles

during the viral life cycle.

In this study, we have identified a short positively

charged region at the N-terminus of OuMV CP that is

necessary and sufficient to target eGFP-CP to the nucleo-

lus. Nucleolar accumulation is unexpected for a viral

structural protein such as the CP. This finding suggests as

yet unknown functional roles for OuMV CP during viral

infection other than encapsidation.

Compared to NLSs, which are targeting sequences,

NoLSs are defined as retention signals. In fact, they are

usually binding domains for nucleolar proteins, rRNA, and

other nucleolar components [9]. The interaction between

these elements and NoLSs guarantees protein retention in

the nucleolus [28]. The constructs that we have developed

for the present study will be useful tools for identifying

possible interactors responsible for CP accumulation in the

nucleolus and for understanding the possible biological

role of the CP-nucleolus interaction in ourmiaviruses.

Acknowledgments We wish to thank C. Perrone and R. Lenzi for

their technical assistance in the laboratory and the greenhouse.

Transgenic H2B-RFP Nicotiana benthamiana plants were a generous

gift from M. M. Goodin.

References

1. Canetta E, Kim SH, Kalinina NO, Shaw J, Adya AK, Gillespie T,

Brown JWS, Taliansky M (2008) A plant virus movement protein

forms ringlike complexes with the major nucleolar protein, fi-

brillarin, in vitro. J Mol Biol 376:932–937

2. Chiba S, Hleibieh K, Delbianco A, Klein E, Ratti C, Ziegler-

Graff V, Bouzoubaa S, Gilmer D (2013) The benyvirus RNA

silencing suppressor is essential for long-distance movement,

requires both zinc-finger and NOLS basic residues but not a

nucleolar localization for its silencing-suppression activity. Mol

Plant Microbe Interact 26:168–181

3. Crivelli G, Ciuffo M, Genre A, Masenga V, Turina M (2011)

Reverse genetic analysis of ourmiaviruses reveals the nucleolar

localization of the coat protein in Nicotiana benthamiana and

unusual requirements for virion formation. J Virol 85:5091–5104

4. Emmott E, Hiscox JA (2009) Nucleolar targeting: the hub of the

matter. EMBO Rep 10:231–238

5. Follett EA, Pringle CR, Pennington TH (1975) Virus develop-

ment in enucleate cells: echovirus, poliovirus, pseudorabies virus,

reovirus, respiratory syncytial virus and Semliki Forest virus.

J Gen Virol 26:183–196

6. Hatanaka M (1990) Discovery of the nucleolar targeting signal.

Bioessays 12:143–148

7. Haupt S, Stroganova T, Ryabov E, Kim SH, Fraser G, Duncan G,

Mayo MA, Barker H, Taliansky M (2005) Nucleolar localization

of potato leafroll virus capsid proteins. J Gen Virol 86:2891–2896

8. Herranz MC, Pallas V, Aparicio F (2012) Multifunctional roles

for the N-terminal basic motif of alfalfa mosaic virus coat pro-

tein: nucleolar/cytoplasmic shuttling, modulation of RNA-bind-

ing activity, and virion formation. Mol Plant Microbe Interact

25:1093–1103

9. Hiscox JA (2007) RNA viruses: hijacking the dynamic nucleolus.

Nature Rev Microbiol 5:119–127

10. Hiscox JA, Whitehouse A, Matthews DA (2010) Nucleolar pro-

teomics and viral infection. Proteomics 10:4077–4086

11. Kim SH, MacFarlane S, Kalinina NO, Rakitina DV, Ryabov EV,

Gillespie T, Haupt S, Brown JWS, Taliansky M (2007) Interac-

tion of a plant virus-encoded protein with the major nucleolar

protein fibrillarin is required for systemic virus infection. Proc

Natl Acad Sci USA 104:11115–11120

12. Kim SH, Ryabov EV, Kalinina NO, Rakitina DV, Gillespie T,

MacFarlane S, Haupt S, Brown JWS, Taliansky M (2007) Cajal

bodies and the nucleolus are required for a plant virus systemic

infection. EMBO J 26:2169–2179

13. Krichevsky A, Kozlovsky SV, Gafni Y, Citovsky V (2006)

Nuclear import and export of plant virus proteins and genomes.

Mol Plant Pathol 7:131–146

14. Li CF, Pontes O, El-Shami M, Henderson IR, Bernatavichute YV,

Chan SWL, Lagrange T, Pikaard CS, Jacobsen SE (2006) An

ARGONAUTE4-containing nuclear processing center colocal-

ized with Cajal bodies in Arabidopsis thaliana. Cell 126:93–106

15. Lisa V, Milne RG, Accotto GP, Boccardo G, Caciagli P, Parvizy

R (1988) Ourmia melon virus, a virus from Iran with novel

properties. Ann Appl Biol 112:291–302

16. Margaria P, Ciuffo M, Pacifico D, Turina M (2007) Evidence that

the nonstructural protein of Tomato spotted wilt virus is the

avirulence determinant in the interaction with resistant pepper

carrying the Tsw gene. Mol Plant Microbe Interact 20:547–558

17. Palmer E, Freeman T (2004) Investigation into the use of C- and

N-terminal GFP fusion proteins for subcellular localization

studies using reverse transfection microarrays. Comp Funct Ge-

nom 5:342–353

18. Pontes O, Li CF, Nunes PC, Haag J, Ream R, Vitins A, Jacobsen

SE, Pikaard CS (2006) The Arabidopsis chromatin-modifying

nuclear siRNA pathway involves a nucleolar RNA processing

center. Cell 126:79–92

19. Qi D, Omarov RT, Scholthof KBG (2008) The complex subcellular

distribution of satellite panicum mosaic virus capsid protein reflects

its multifunctional role during infection. Virology 376:154–164

20. Rajamaki ML, Valkonen JPT (2009) Control of nuclear and

nucleolar localization of nuclear inclusion protein a of picorna-

like potato virus a in nicotiana species. Plant Cell 21:2485–2502

21. Rastgou M, Turina M, Milne RG (2011) Family Ourmiaviridae. In:

King AMQ, Adams MJ, Carstens EB, Lefkowitz E (eds) Virus

Nucleolar localization of ourmia melon virus coat protein 1191

123

Author's personal copy



taxonomy. Ninth Report of the International Committee on taxon-

omy of viruses. Elsevier Academics Press, London, pp 1177–1180

22. Rastgou M, Habibi MK, Izadpanah K, Masenga V, Milne RG,

Wolf YI, Koonin EV, Turina M (2009) Molecular characteriza-

tion of the plant virus genus Ourmiavirus and evidence of inter-

kingdom reassortment of viral genome segments as its possible

route of origin. J Gen Virol 90:2525–2535

23. Ruiz-Ruiz SN, Soler N, Sanchez-Navarro J, Fagoaga C, Lopez C,

Navarro L, Moreno P, Pena L, Flores R (2013) Citrus tristeza

virus p23: determinants for nucleolar localization and their

influence on suppression of RNA silencing and pathogenesis. Mol

Plant Microbe Interact 26:306–318

24. Ryabov EV, Kim SH, Taliansky M (2004) Identification of a

nuclear localization signal and nuclear export signal of the

umbraviral long-distance RNA movement protein. J Gen Virol

85:1329–1333

25. Semashko MA, Gonzalez I, Shaw J, Leonova OG, Popenko VI,

Taliansky ME, Canto T, Kalinina NO (2012) The extreme

N-terminal domain of a hordeivirus TGB1 movement protein

mediates its localization to the nucleolus and interaction with

fibrillarin. Biochimie 945:1180–1188

26. Wright KM, Cowan GH, Lukhovitskaya NI, Tilsner J, Roberts

AG, Savenkov EI, Torrance L (2010) The N-terminal domain of

PMTV TGB1 movement protein is required for nucleolar local-

ization, microtubule association, and long-distance movement.

Mol Plant Microbe Interact 23:1486–1497

27. Wilhelmsen KC, Leibowitz JL, Bond CW, Robb JA (1981) The

replication of murine coronaviruses in enucleated cells. Virology

110:225–230

28. Zhou G, Doci CL, Lingen MW (2010) Identification and func-

tional analysis of NOL7 nuclear and nucleolar localization sig-

nals. BMC Cell Biol 11:74

1192 M. Rossi et al.

123

Author's personal copy


	Genetic dissection of a putative nucleolar localization signal in the coat protein of ourmia melon virus
	Abstract
	Acknowledgments
	References


