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a  b  s  t  r  a  c  t

Mal  de  Río  Cuarto  virus  (MRCV)  is  a member  of the  Fijivirus  genus,  within  the  Reoviridae  family,  that  repli-
cates  and  assembles  in  cytoplasmic  inclusion  bodies  called  viroplasms.  In  this  study,  we investigated
interactions  between  ten  MRCV  proteins  by yeast  two-hybrid  (Y2H)  assays  and  identified  interactions
of  non-structural  proteins  P6/P6,  P9-2/P9-2  and  P6/P9-1.  P9-1  and  P6  are  the  major  and  minor  compo-
nents  of the  viroplasms  respectively,  whereas  P9-2  is  an  N-glycosylated  membrane  protein  of  unknown
function.  Interactions  involving  P6 and P9-1  were  confirmed  by bimolecular  fluorescence  complementa-
tion  (BiFC)  in  rice  protoplasts.  We  demonstrated  that a region  including  a predicted  coiled-coil  domain
within  the C-terminal  moiety  of  P6 was  necessary  for P6/P6  and  P6/P9-1  interactions.  In  turn,  a  short
EST sequence
eoviridae
2H

C-terminal  arm  was  necessary  for  the previously  reported  P9-1  self-interaction.  Transient  expression  of
these  proteins  by  agroinfiltration  of  Nicotiana  benthamiana  leaves  showed  very  low  accumulation  levels
and further  in silico  analyses  allowed  us to identify  conserved  PEST  degradation  sequences  [rich  in  pro-
line  (P),  glutamic  acid  (E),  serine  (S),  and  threonine  (T)]  within  P6  and  P9-1.  The  removal  of  these  PEST
sequences  resulted  in  a significant  increase  of  the  accumulation  of both  proteins.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Mal  de Río Cuarto virus (MRCV) is a member of the genus Fijivirus
n the family Reoviridae that causes an important maize disease in
rgentina, which is the third-largest corn exporter in the world

Attoui et al., 2011; Lenardón et al., 1998; World of Corn, 2016).
he virus is transmitted by delphacid planthoppers in a persistent-
ropagative manner (Arneodo et al., 2002; de Remes Lenicov et al.,
985). As for other fijiviruses, viral replication and assembly occur

n cytoplasmic inclusion bodies called viroplasms, which are com-
osed of viral proteins, nucleic acids, and cellular components of
nknown function and identity (Attoui et al., 2011). MRCV has a
ouble-shelled icosahedral capsid with short A- and B-spikes on the

article vertices containing 10 double-stranded RNA (dsRNA) seg-
ents that encode 13 putative proteins (Distéfano et al., 2005, 2003,

002; Firth and Atkins, 2009; Guzmán et al., 2007; Mongelli, 2010).

∗ Corresponding author at: Instituto de Biotecnología, CICVyA, Instituto Nacional
e Tecnología Agropecuaria (INTA), Nicolás Repetto y de los Reseros s/n, Hurlingham
CP 1686), Buenos Aires, Argentina.

E-mail address: delvas.mariana@inta.gob.ar (M.  del Vas).

ttp://dx.doi.org/10.1016/j.virusres.2017.01.002
168-1702/© 2017 Elsevier B.V. All rights reserved.
The MRCV structural proteins (SPs) are proposed to be an RNA-
dependent RNA polymerase (P1, Distéfano et al., 2003), A- and B-
spike proteins (P2 and P4, respectively; Distéfano et al., 2003, 2002),
a major core protein (P3, Distéfano et al., 2009, 2003), a possible
helicase (P8, Distéfano et al., 2002), and the major outer capsid pro-
tein P10 (Distéfano et al., 2005). In addition, P4 contains an active
site for guanylyl transferases (Distéfano et al., 2002; Supyani et al.,
2007). On the other hand, MRCV segments S5, S6, S7 and S9 code for
non-structural proteins (NSPs) P5-1, P5-2, P6, P7-1, P7-2, P9-1 and
P9-2 (Distéfano et al., 2005, 2003; Guzmán et al., 2007; Mongelli,
2010). P5-1 has an unknown function and a vesicular-like distri-
bution in insect cells (Maroniche et al., 2012). P5-2, P7-1 and P7-2
have nuclear localization in insect cells (Maroniche et al., 2012).
MRCV P9-1 establishes cytoplasmic inclusion bodies resembling
viroplasms in transfected non-host Spodoptera frugiperda Sf9 insect
cells, has ATPase and single-stranded RNA (ssRNA) binding activi-
ties and can self-interact giving rise to homomultimers (Maroniche
et al., 2011, 2010). In addition, immunoelectron microscopy assays

revealed that P9-1 localizes exclusively at viroplasms within the
cytoplasm of MRCV-infected plants and insect cells (Guzmán et al.,
2010). These properties led us to propose P9-1 as the major matrix
viroplasm protein (Maroniche et al., 2010). Finally, in insect cells,

dx.doi.org/10.1016/j.virusres.2017.01.002
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2017.01.002&domain=pdf
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RCV P9-2 is N-glycosylated and localizes at the plasma mem-
rane in association with filopodia-like protrusions containing
ctin. These features suggest P9-2 has a role in cell-to-cell move-
ent (Maroniche et al., 2012). Interestingly, P9-2 has not been so

ar detected in fijivirus-infected insect or plant tissues (Isogai et al.,
998; Mao  et al., 2013). During a productive infection cycle, the dif-
erent structural and non-structural viral proteins are required at
ariable quantities and/or at different stages of infection. Accord-
ngly, the relative mRNA expression levels of the whole fijivirus
enome are known to vary at different times post-infection in plant
nd insect hosts (He et al., 2013). An additional strategy could rely
n the regulation of viral protein turnover. PEST sequences are
mino acid sequences rich in proline (P), glutamic acid (E), ser-
ne (S) and threonine (T), which serve as signals for proteolytic
egradation (Rechsteiner and Rogers, 1996; Rogers et al., 1986).
any PEST-containing proteins are degraded by the ubiquitin-26S

roteasome system (UPS, Rechsteiner, 1991). Interestingly, PEST-
ediated protein turnover can be activated by different molecular
echanisms such as ligand binding, exposure to light and phos-

horylation (Hunter, 2007; Rechsteiner and Rogers, 1996). To our
nderstanding, the presence of functional PEST sequences has not
een reported so far for any of the reovirus proteins. After an exten-
ive screening of 100 pairs of yeast two-hybrid (Y2H) interactions
etween ten MRCV proteins, we showed that MRCV P6 and P9-

 can self-interact and that P6 interacts with P9-1. Interactions
nvolving P6 and P9-1 were confirmed by bimolecular fluorescence
omplementation (BiFC) in plant cells. Truncated versions of P6 and
9-1 defined the regions involved in such interactions. Finally, we
resent evidence that the viroplasm components MRCV P9-1 and
6 contain conserved PEST sequences.

. Materials and methods

.1. Plasmid construction

Previously described pCR8/GW/TOPO (Invitrogen, USA) entry
ectors containing MRCV NSPs P5-1, P5-2, P6, P7-1, P7-2, P9-1,
9-2 and SPs P4, P8 and P10 coding sequences (Mongelli, 2010)
ere used for recombination with different destination vectors

isted below. These entry vectors have a stop codon and lack
nitiation codon. The recombinations were performed using LR
lonase II enzyme mix  (Invitrogen, USA) according to the manu-

acturer’s instructions. In addition, a new set of pCR8/GW/TOPO
ectors containing the coding sequences of truncated mutants of
6 (Accession No. AAO73184.1; 788 residues) and P9-1 (Accession
o. ADD71691; 337 residues) was obtained by PCR using spe-

ific primers and the previously described vectors as templates.
6DR, P6�DR, P6C-term and P6�C-term code for residues 1–105,
06-788, 450–788 and 1–449 of P6, respectively (Fig. 3A). In addi-
ion, P6�PEST codes for residues 50–788 of the same protein.
9-1�PEST lacks residues 142–153 and P9-1�C-arm codes for P9-1
esidues 1–313. All inserts were fully sequenced before use.

For Y2H assays, the entry vectors with the MRCV coding
equences listed before were recombined into the Gateway com-
atible destination vectors pLAW11 and pLAW10, which express
al4 DNA activation domain (AD) and Gal4 DNA-binding domain

BD), respectively. Prof. Dr. Richard Michelmore, from UC-Davis,
indly provided these vectors.

Plasmids used for BiFC analyses were obtained by Gateway
ecombination of the P6 and P9-1 entry vectors mentioned above
nd destination vectors pY735 and pY736, which express fusion

roteins to the N- (residues 1–154) or C-terminus (residues
55–238) of fluorescent protein YFP (YFPN:X or YFPC:X), respec-
ively (Bracha-Drori et al., 2004; Li et al., 2015a). Prof. Dr. J.
ubcovsky, from UC-Davis, kindly provided these vectors.
rch 230 (2017) 19–28

Plasmids used for transient expression assays in N. benthamiana
were obtained by Gateway recombination of the P6, P9-1 and their
�PEST mutants entry vectors into the binary destination vector
pEarleyGate 203 (Earley et al., 2006). The resulting vectors express
the protein of interest fused with a cMyc tag at the N-terminus.
The silencing suppressor protein TBSV P19 was recombined into
pEarleyGate 204 (AcV5 tag, Earley et al., 2006).

2.2. Bioinformatics sequence analysis of MRCV P6 and P9-1
proteins

Prediction of coiled-coil domains and potentially disordered
regions were performed with ELM analyses tools, which comprise
GlobPlot and IUPRED (disorder) and SMART/PFAM server (protein
domains, Dinkel et al., 2012). Disordered regions were also ana-
lyzed with PSIPRED and DisEMBL servers (Buchan et al., 2010;
Linding et al., 2003). Since no consensus has been reached about
the limits of the predicted disordered region of P6, we settled a
broad limit at residues 1 through 105. Prediction of PEST sequences
was performed using ePESTfind (emboss.bioinformatics.nl/cgi-
bin/emboss/epestfind). The ePESTfind algorithm identifies poten-
tial PEST sequences within an amino acidic sequence, and assigns
a score to the prediction. Therefore, the higher the score above a
threshold of +5.0 to which the algorithm assumes that the PEST
sequence is biologically relevant, the higher the probability that
a protein is degraded via its potential PEST sequence in eukary-
otic cells (EMBOSS epestfind, 2002; Rechsteiner and Rogers, 1996).
Multiple sequence alignments were performed with Clustal Omega
tool of EMBL-EBI (Li et al., 2015b).

2.3. Y2H assays

Y2H assays were performed using the MatchmakerTM Gold
Yeast Two-Hybrid System (Clontech, Japan) according to the man-
ufacturer’s protocol. Saccharomyces cerevisiae haploid strains Y187
(MAT� type) and Y2H Gold (MATa mating type) were transformed
with pLAW11 and pLAW10 plasmids, which express Gal4 AD:prey
and BD:bait fusion proteins, by using the small-scale PEG/lithium
acetate method (Gietz and Woods, 2002). Transformant yeasts
were plated in synthetic defined (SD) minimal medium lacking
leucine (Leu, for Y2H Gold strain transformed with BD:bait) or tryp-
tophan (Trp, for Y178 strain and AD:prey). Co-transformants were
obtained by mating according to manufacturer’s indications and
plated on SD-Leu-Trp, whereas MRCV-interacting proteins were
selected on SD -Leu -Trp -His at 30◦ C for 6 days. SV-40 large T-
antigen in prey vector pGADT7-T (AD:T) and murine p53 in bait
vector pGBKT7-53 (BD:p53) provided in the Matchmaker kit were
used as positive control and AD:T and pLAW10 empty vector (BD)
were used as negative control. To rule out false positives, we co-
transformed yeast cells expressing each fusion protein of interest
with the corresponding AD or BD empty vectors. For autoactivation
assays, yeasts transformed with AD or BD fused to the different
MRCV proteins were plated in rich non-selective medium, trans-
ferred to a nitrocellulose membrane, incubated with X-gal solution
(10 mg X-gal in 100 �l DMF) and the appearance of blue color
was monitored over a 24 h period. For autoactivation assays of
the mutant versions of P7-2, BD:P7-21−152 and BD:P7-2153−309,

transformed yeasts were plated on SD −Trp 40 �g/ml X-�-Gal
and 125 ng/ml Aureobasidin A and incubated at 30 ◦C for 3-4 days.
Growth indicating antibiotic resistance and blue color appearance
were monitored.



 Resea

2

t
a

2

h
A
c
m
t
i
a
b
f
t
e
i
s

2

(
1
i
p
m
m
(
B
p
b
c
b
c

2

z
i
m
b
I
1
t
t
i
P
(
2
2
3
C
(
(
a
n
w
5
r
f

G. Llauger et al. / Virus

.4. Rice protoplasts and BiFC assays

Rice japonica variety Kitaake protoplasts were prepared and
ransfected as described elsewhere (Bart et al., 2006). For BiFC
ssays, the split YFP system was used (Bracha-Drori et al., 2004).

.5. Agroinfiltration assays

N. benthamiana plants were grown under standard green-
ouse conditions at 24–26 ◦C, under a 14 h light/10 h dark cycle.
grobacterium tumefaciens strain GV3101 carrying the different
onstructs was grown overnight at 28 ◦C on Luria-Bertani agar
edium supplemented with 10 �g/ml rifampicin, 40 �g/ml gen-

amicin and 50 �g/ml kanamycin. Cells were pelleted, resuspended
n agroinfiltration solution (10 mM MgCl2, 10 mM MES and 100 �M
cetosyringone) up to an optical density at 600 nm of 0.8, and incu-
ated at room temperature for 2–4 h before infiltrating the abaxial
ace of the leaves. Equal volumes of agrobacteria cultures carrying
he different constructs were mixed before agroinfiltration. Forty-
ight h after leaf co-agroinfiltration, spots were excised and pooled
n three groups (n = 3) so that each pool contained nine infiltrated
pot leaves from three different plants.

.6. Protein analyses and immunodetection

Protein extraction was performed as described previously
Isogai et al., 1998). Total proteins were quantified (Bradford,
976) and 100 �g of total protein samples were boiled for 5 min

n cracking buffer and subjected to SDS-PAGE 10%. Then, the
roteins were analyzed by Western blot using an anti-cMyc
ouse monoclonal primary antibody (Invitrogen, USA) and anti-
ouse conjugated with alkaline phosphatase secondary antibody

Sigma-Aldrich, Germany). Detection was performed using NBT-
CIP reagents (Promega, USA). Western blot quantification was
erformed with ImageJ software and the ratio between cMyc anti-
ody signal intensity and total protein load (Ponceau S stain) was
alculated. Statistical significance of protein accumulation levels
etween cMyc:P6 or cMyc:P9-1 and their �PEST mutants was cal-
ulated by the unpaired t test using the GraphPad Prism 7 software.

.7. Quantitative real time PCR and data analyses

Total RNA from fresh leaf tissue was extracted with Tri-
ol reagent (Invitrogen, USA) according to the manufacturer’s
ndications. RNA was quantified with a spectrophotometer (Ther-

oScientific NanoDropTM 1000, USA) and its integrity was verified
y agarose gel electrophoresis. cDNA synthesis with SuperScriptTM

I Reverse Transcriptase (Invitrogen, USA) was performed using
 �g of total RNA and random primers following the manufac-
urer’s indications. RT-qPCR experiments were carried out using
he QuantiTec SYBR Green PCR kit (QIAGEN, Germany) accord-
ng to the manufacturer’s instructions, in an ABI7500 Real Time
CR System (Applied Biosystems, USA) with a standard program
1 min  elongation time at 60 ◦C). Reactions were performed in a
5 �l final volume reaction with primers in a final concentration of
00 nM [for MRCV P6 forward (5′ TGGAACAGACGCGAACTTTGGT
′, nt position 2073–2094) and reverse (5′ TGGGCAACACAAAC-
ATAAGCG 3′, nt position 2190–2211) and for MRCV P9-1 forward
5′ GACGGCATTTTTGACCTGAT 3′, nt position 149–167) and reverse
5′ TCACGCTCAAGTGTTGGAAG 3′, nt position 232–251) and 1 �l of

 1/20 dilution of the cDNA as template. No template was  added to
egative control reactions. Actin was used as a reference gene (for-

ard primer 5′ ACGCCAGTGGCCGTACAACA 3′ and reverse primer

′ ATCGCGGACAATTTCCCGTTC 3′). Output results were exported as
aw data, and introduced to the LinReg software (Ruijter et al., 2009)
or baseline correction and PCR efficiency calculations. Statistical
rch 230 (2017) 19–28 21

significance of Ct differences between treatments was  calculated
by the Mann-Whitney t-test using the GraphPad Prism 7software.

3. Results

3.1. Interaction screening between ten MRCV proteins by Y2H

First, we investigated the interactions between ten MRCV-coded
proteins by yeast two-hybrid (Y2H) assays. This technique allows
the detection of protein-protein interactions in a pair-wise man-
ner. The two proteins (namely bait and prey) of interest are fused
to the activation domain (AD) or the DNA-binding domain (BD) of
the Gal 4 transcription factor and, if interaction occurs, Gal4 acti-
vates a set of reporter genes. This activation thus allows yeast to
grow in SD media with Aureobasidin A, lacking Histidine (-His) or
with a chromogenic substrate that confers blue color. Yeasts car-
rying AD:prey and BD:bait are selected in SD-Leu-Trp medium as
a growth control, and if a positive protein interaction occurs they
can also grow in SD-Leu-Trp-His. To rule out reporter gene activa-
tion by BD:bait in the absence of an interacting partner AD:prey,
we tested autoactivation for MRCV NSPs P5-1, P5-2, P6, P7-1, P7-2,
P9-1, P9-2 and SPs P4, P8 and P10 fused to the BD domain. Yeast
transformed with BD:P7-2 displayed strong blue color in the pres-
ence of X-Gal (Fig. 1A). This result indicated that P7-2 acts as a
transcription activation domain in this system and this protein is
therefore unsuitable for Y2H analyses. We  next constructed mutant
versions of P7-2 containing residues 1 through 152 (P7-21−152) or
153 through 309 (P7-2153−309), and established that the residues
necessary for autoactivation are located within the first 152 amino
acids of P7-2 (Fig. 1B). For this reason, we performed further Y2H
assays by using BD:P7-2153−309 truncated mutant and complete
AD:P7-2.

The analysis of all possible 100 combinations revealed that P6
and P9-2 were able to self-interact (Fig. 1C and D), whereas P6 also
interacted with P9-1 (Fig. 1E). As a positive control, we used the
previously described MRCV P9-1 self-interaction (Maroniche et al.,
2010; Fig. 1F). No false positives were detected when expressing
AD:prey fusions with BD empty vector or expressing the opposite
combination, BD:bait with AD empty vector. These results suggest
that the previously reported P6 and P9-1 co-localizations in insect
cells (Maroniche et al., 2012) are product of direct protein-protein
interactions.

3.2. MRCV P6 and P9-1 interactions in plant cells using BiFC

To further confirm the interactions of P6 and P9-1 in living
plant cells, we performed bimolecular fluorescence complementa-
tion (BiFC) assays in rice protoplasts. For this purpose, we  obtained
plasmids for protoplast transient expression that express P6 or P9-
1 proteins fused downstream to the N- or C-terminal moiety of
YFP, and examined reconstitution of YFP fluorescence 48 h post-
co-transfection. YFP signal from P9-1 self-interaction displayed a
cytoplasmic, punctuate distribution pattern typical of viroplasm
inclusion bodies (VIBs, Fig. 2A). P6 self-interaction was evident, as
confirmed by the observation of YFP fluorescence exclusively in the
protoplast’s nuclei (Fig. 2B). When we examined P6/P9-1 interac-
tion, we detected a positive YFP signal with variable distribution

depending on the constructs. For instance, YFPN:P9-1 + YFPC:P6
gave rise to cytoplasmic inclusion bodies of different number and
sizes, whereas YFPN:P6 + YFPC:P9-1 interacted in the cell nucleus
(Fig. 2C).



22 G. Llauger et al. / Virus Research 230 (2017) 19–28

Fig. 1. Y2H interaction assay of MRCV proteins. Sequences coding for NSPs P5-1, P5-2, P6, P7-1, P7-2, P9-1 and P9-2 and SPs P4, P8 and P10 were cloned individually to obtain
AD  or BD fusions. A. Yeasts expressing AD:P7-2 and BD:P7-2 were transferred to a nitrocellulose membrane, incubated with X-gal and monitored for blue color appearance. B.
Yeasts expressing BD:P7-21−152 or BD:P7-2153−309 were plated on SD −Trp + X-�-Gal with or without Aureobasidin (125 ng/ml AbA), in order to detect activation of reporter
genes  in absence of an interacting partner AD:prey. C to F. Co-transformants were selected in SD-Leu-Trp medium (left panels), whereas yeast expressing positive protein
interactions were selected in SD-Leu-Trp-His (right panels). Yeasts were plated in 1:1 and 1:50 dilutions. Of the 100 protein-protein combinations tested, only 4 positive
interactions were detected: P6/P6 (C), P9-2/P9-2 (D) P6/P9-1 (E), and P9-1/P9-1 (F). As negative controls, fusions were transformed with the corresponding empty vector
(AD:prey/BD and AD/BD:bait). (For interpretation of the references to colour in this figure legend, the reader is referred to the web  version of this article.)
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ig. 2. BiFC assay confirms P9-1/P9-1 (A), P6/P6 (B) and P6/P9-1 (C) interactions. Ric
FP  fluorescence (left panels) was observed 48 h post-transfection. As negative con

mages  were merged with YFP fluorescence images (right panels). Scale bars = 10 �

.3. Identification of P6 regions involved in P6/P6 and P6/P9-1
nteractions
MRCV P6 is a 90 kDa protein (Distéfano et al., 2003) with an
xtensive predicted coiled-coil domain at residues 560 through
19 (Maroniche et al., 2012). In silico analyses using ELM analyses
oplasts were transfected with the constructs indicated at the left of each image and
protoplasts were transfected using either YFPN or YFPC empty fusions. Bright-field

tools showed that the N-terminal region contains a predicted disor-
dered region (DR) spanning residues 1–105. To define the regions

of P6 involved in P6/P6 and P6/P9-1 interactions, we obtained a
series of truncated mutants (Fig. 3A) which were evaluated by Y2H.
P6�DR comprised residues 106 through 788; P6DR contained only
the putative DR (residues 1 through 105); P6C-term consisted of
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ig. 3. Interaction analyses of P6, P9-1 and P6-derived mutants by Y2H. Schemati
nteraction analyses of P6DR (B), P6�DR (C), P6 C-term (D) and P6�C-term (E) betw

ith  the corresponding empty vector (AD:prey/BD and AD/BD:bait).

he C-terminal moiety of P6 (residues 450 through 788) including
he predicted coiled-coil domain; and P6�C-term lacks residues
50–788. P6/P6 and P6/P9-1 interactions were not dependent on
he putative disordered region, since P6DR was unable to interact
ith P6, P9-1 or with any of the P6-truncated mutants (Fig. 3B). In

urn, P6�DR  was able to self-interact and to interact with P6, P6C-
erm and P9-1 (Fig. 3C). Similarly, P6C-term was able to self-interact
nd to interact with P6, P6�DR  and P9-1 (Fig. 3D). Moreover, dele-
ion of C-term residues of P6 (P6�C-term) resulted in the complete
oss of any interaction with P6 and P9-1, as well as of its self-
nteraction ability (Fig. 3E). Altogether, these results indicate that
he region spanning P6 residues 450–788 is necessary and sufficient
or P6/P6 and P6/P9-1 interactions.

.4. Analysis of the contribution of P9-1 C-arm in P9-1/P9-1 and
9-1/P6 interactions

MRCV P9-1 C-terminal moiety (residues 155–337) is respon-

ible for the formation of VIB-like structures when expressed in
nsect cells (Maroniche et al., 2010). Rice black streaked dwarf virus
RBSDV) P9-1 crystallographic structure was reported (Akita et al.,
012). In that study, Akita et al. demonstrated that RBSDV P9-
esentation of P6 truncated mutants P6DR, P6�DR, P6C-term and P6�C-term (A).
6, P9-1 and P6 truncated versions. As negative controls, fusions were transformed

1 has a protruding carboxy-terminal arm (C-arm) of 24 residues
with a crucial role in the interaction of neighboring dimers to form
doughnut-shaped functional octamers. To investigate if MRCV P9-
1 “C-arm” was involved in P9-1/P9-1 interactions, we constructed
a truncated version lacking the last 24 C-terminal residues (P9-
1�C-arm), and by Y2H assays showed that P9-1�C-arm interacted
with complete P9-1, but was unable to self-interact (Fig. 4A). These
findings indicate that at least one C-arm is required for P9-1self-
interaction. In addition, P9-1�C-arm was able to interact with P6,
P6�DR and P6C-term but not with P6DR, thus indicating that the
C-arm does not affect the ability of P9-1 to interact with P6 (Fig. 4B).

3.5. Identification of PEST sequences in MRCV P6 and P9-1

Before analyzing P6 and P9-1 interactions in rice protoplasts,
we performed several attempts to express them transiently in N.
benthamiana leaves by agroinfiltration. Both proteins were barely
detected by Western blot only in the presence of a strong silenc-

ing suppressor such as Tomato bushy stunt virus P19 (Danielson
and Pezacki, 2013). These pieces of evidence led us to search for
degradation signals in MRCV-coded proteins. The ePESTfind algo-
rithm identifies hydrophilic stretches with a high concentration of
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ig. 4. Y2H interaction assays of P9-1 lacking the C-arm. The role of P9-1�C-arm in
ransformed with the corresponding empty vector (AD:prey/BD and AD/BD:bait).

egatively charged residues proline (P), glutamic acid (E), serine (S),
nd threonine (T) (EMBOSS epestfind, 2002; Rogers et al., 1986).
pon analyzing all MRCV-coded proteins, we found that only P6
nd P9-1 were predicted to contain PEST sequences, in P6 residues
8–49 (PEST score: 12.23) and in P9-1 residues 142–153 (PEST
core: 8.88, see Supplementary Table S1 in the online version at
OI: 10.1016/j.virusres.2017.01.002).

To explore the functionality of these predicted PEST sequences,
e constructed binary vectors expressing either complete or trun-

ated mutants, which lacked P6 residues 1–49 (P6�PEST) and P9-1
esidues 142–153 (P9-1�PEST), fused to a cMyc epitope under the
ontrol of 35S promoter. These binary vectors were transiently
xpressed together with P19 in N. benthamiana leaves. Western
lot analyses showed that the removal of the PEST-containing
equences significantly increased P6 and P9-1 accumulation when
ompared to the full version of the proteins (p-values < 0.05, Fig. 5).
ll qPCR analyses of agroinfiltrated tissue showed no significant
ifferences (p-values > 0.05) between mRNA levels coding for P6 or
9-1 and their �PEST mutants (see Supplementary Fig. S1 in the
nline version at DOI: 10.1016/j.virusres.2017.01.002), thus indi-
ating that the observed differences in protein accumulation were
ue to a post-transcriptional process.

We then analyzed whether the presence of PEST sequences is
onserved in the genus Fijivirus. For this purpose, we  performed
ultiple sequence alignments of MRCV P6 and P9-1 homologous

rotein sequences of RBSDV, Southern rice black streaked dwarf virus
SRBSDV), Maize rough dwarf virus (MRDV), Fiji disease virus (FDV)
nd Nilaparvata lugens reovirus (NLRV) and analyzed them with
he ePESTfind algorithm (Fig. 6 and Supplementary Table S1 in the
nline version at DOI: 10.1016/j.virusres.2017.01.002). The pres-
nce of PEST sequences, which located at the N-terminal region,
as conserved amongst all fijivirus P6 proteins. Noticeably, as in
RCV P6, the N-terminal regions of all fijivirus counterparts con-

ain as well residues predicted to be disordered (data not shown).
n turn, P9-1 PEST sequences were relatively less conserved, since
hey were present only in MRCV, RBSDV and MRDV.

. Discussion

The aim of this work was to analyze the interactions between
RCV proteins to further characterize their functional roles. We

erformed Y2H analysis to evaluate possible interactions between
en MRCV NSPs and SPs, and identified that P6 self-interacted and
lso interacted with P9-1. The BiFC experiments in rice proto-
lasts confirmed these interactions. BiFC allows the identification
f protein-protein interactions and, although this technique was
ot intended for the study of subcellular distribution, it was some-

ow surprising to detect P6/P6 and P6/P9-1 interactions occurring
t the protoplast’s nuclei. YFP N- and C-terminal fusions to P6
r P9-1 result in proteins that are larger than the size-exclusion

imit of the nuclear pore complexes (Hoelz et al., 2011). Thus, an
P9-1 (A) and P9-1/P6 (B) interactions was tested. As negative controls, fusions were

active import process should be required for entering the nuclei. As
previously reported in Maroniche et al. (2012), the non-structural
MRCV proteins P5-2, P7-1 and P7-2 display nuclear localization
when transiently expressed in Spodoptera frugiperda Sf9 insect
cells; however, this was not observed for P6 or P9-1. Moreover,
P9-1 has been detected exclusively at viroplasms within the cyto-
plasm of MRCV-infected plants and insect cells by immunoelectron
microscopy assays (Guzmán et al., 2010), whereas P6 distribution
in MRCV-infected plants and insects remains unknown.

Aminev et al. (2003a, 2003b) have peviously described nuclear
localizations and functions of proteins encoded by RNA viruses
that are considered to replicate in the cytoplasm. Interestingly,
novel conformational signals for nuclear localization (Audsley
et al., 2016) could arise after dimer formation. In addition, matrix
proteins of negative-sense RNA viruses with critical roles in cyto-
plasmic replication and virus assembly have also been detected at
the nucleus of infected cells (as reviewed by Audsley et al., 2016).
More studies will be required to explore the possible implications
of a putative nuclear localization of P6/P6 complexes during the
infection cycle.

In the case of P6/P9-1 protein interactions, nuclear localization
depended on the constructions employed. While YFPN:P9-
1 + YFPC:P6 localized in cytoplasmic inclusion bodies resembling
viroplasms, YFPN:P6 + YFPC:P9-1 interacted in the cell nucleus.
We have previously observed that subcellular localizations can
vary depending on the plasmids and fusion constructs employed
(Maroniche et al., 2012). Therefore, we  interpret this BiFC result as
a confirmation of P6/P9-1 protein interaction but further studies
will be needed to confirm the subcellular distribution observed.

Additionally, BiFC assays showed that P9-1 self-interacts to form
a punctuate cytoplasmic distribution, as previously shown in insect
cells (Maroniche et al., 2012), further confirming P9-1 role as the
major MRCV viroplasm component in plant cells (Guzmán et al.,
2010; Maroniche et al., 2012, 2010). P6 is proposed to be a minor
viroplasm protein because it is redirected towards P9-1 VIBs-like
structures when these two  proteins are co-expressed in insect
cells (Maroniche et al., 2012). The present results are in agreement
with these previous findings, and suggest that the co-localization
observed in insect cells occur as a result of direct protein-protein
interactions.

The crystallographic analysis of RBSDV P9-1 showed that this
protein contains a carboxyl-terminus C-arm that is necessary for
the formation of functional octamers; and the deletion of this C-
arm results in the absence of VIBs-like structures, although dimer
formation is not impaired (Akita et al., 2012). By performing Y2H
analysis, we demonstrated that MRCV P9-1 dimers can be formed
only when at least one C-arm is present in this interaction, thus

suggesting an essential role of this structure in the formation of
VIBs.

By using a series of truncated mutants, we determined that
the C-terminal moiety of P6 (residues 450–788), which contains
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Fig. 5. PEST sequences destabilize P6 and P9-1 in N. benthamiana. cMyc:P6 or cMyc:P6�PEST (A), and cMyc:P9-1 or cMyc:P9-1�PEST (B) were expressed by agroinfiltration
in  N. benthamiana leaves. A. tumefaciens GV3101 was used as a mock control. Agroinfiltration assays were performed in the presence of TBSV P19 suppressor of gene silencing.
Samples were pooled (n = 3); total protein was extracted and subjected to SDS-PAGE and to Western blot analyses with anti-cMyc antibody (left panels). Protein accumulation
levels of P6 or P9-1 and their �PEST mutants relative to GV3101 and to total protein load (shown as Ponceau S stain) were quantified (right panels). Then, a statistical analysis
was  performed by an unpaired t test. Bars represent standard error of the mean (SEM).

Fig. 6. Conservation analysis of PEST sequences among P6 (A) and P9-1 (B) fijivirus proteins. Multiple sequence alignment of fijivirus P6 and P9-1 proteins was performed
w PEST s
fi treake
d

a
a
d
t
a
2
2
t

ith  CLUSTAL Omega tool. MRCV sequences are marked in bold and their potential 

jiviruses are highlighted in gray. MRCV, Mal de Río Cuarto virus; RSBDV, Rice black s
warf  virus; FDV, Fiji disease virus; NLRV, Nilaparvata lugens reovirus.

 predicted coiled-coil domain (position 450–650), is necessary
nd sufficient for P6/P6 and P6/P9-1 interactions. Furthermore, the
eletion of the P9-1C-arm does not seem to affect P6/P9-1 interac-
ion. The ability of P6 to self-interact and to interact with P9-1 has

lso been reported for other fijiviruses such as RBSDV (Sun et al.,
013; Wang et al., 2011) and SRBSDV (J. Li et al., 2014; Mao  et al.,
013). Nevertheless, the regions involved in P6 and P9-1 interac-
ions are not necessarily the same for all three fijiviruses. As in the
equences are highlighted in black, whereas the PEST sequences identified for other
d dwarf virus; SRBSDV, Southern rice black streaked dwarf virus; MRDV,  Maize rough

case of MRCV, RBSDV P6 central region (residues 400–675, which
also contain a putative coiled-coil) is necessary for self-interaction
and P6/P9-1 interaction. However, full-length RBSDV P9-1 may
also be essential for P6/P9-1 interaction, as all P9-1 mutants

tested abolished such interaction (Wang et al., 2011). Unlike MRCV
P6, full-length SRBSDV P6 is needed for self-interaction, whereas
residues 1–93 of P6 and full-length P9-1 are required for SRBSDV
P6/P9-1 interaction (J. Li et al., 2014). Taken together, these results
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emonstrate that, despite sharing general characteristics, the P6
nd P9-1 proteins of each fijivirus have unique and specific fea-
ures, therefore highlighting the importance of a detailed study on
ach virus species.

The Y2H assays also revealed that P9-2 can self-interact in vivo.
his interaction might be important for the formation of filopodia-

ike protrusions of the cell membrane that are observed upon
xpression of P9-2 in Sf9 insect cells (Maroniche et al., 2012).

Full-length MRCV P7-2 conferred autoactivation of the Y2H
eporter genes, thus indicating that P7-2 can act as a transcriptional
ctivation domain. Furthermore, this protein occasionally displays
uclear localization, when expressed in insect Sf9 cells (Maroniche
t al., 2012). Taken together, it is tempting to speculate that P7-2
ould regulate host gene expression during infection.

Viroplasms are very dynamic structures where viral protein syn-
hesis, viral genome replication and viral progeny assembly take
lace. They are composed by one or two non-structural major pro-
eins, viral RNA and other minor viral proteins (structural and
on-structural) (Antczak and Joklik, 1992; Brookes et al., 1993),
s well as cellular host proteins (Broering et al., 2004; Cabral-
omero and Padilla-Noriega, 2006; Eaton et al., 1987; Parker et al.,
002). As observed for rotavirus, at early time points viroplasms
re detected as punctuate, discrete cytoplasmic inclusions whose
umber first increases, and then decreases as viroplasms start to

use during the infection (Eichwald et al., 2004). For SRBSDV, the
odel proposed for viroplasm maturation involves the existence

f two distinct regions: a granular region predominantly formed
y P9-1, where viral replication takes place and a surrounding fib-
illar region mainly composed of P5, where viral packaging occurs.
n both cases, P6 is a minor component (Mao  et al., 2013). Such
ynamic process would require a tight regulation of viral protein
xpression.

Indeed, the ubiquitin 26S-proteasome system (UPS) plays an
mportant role in virus-host interactions (Alcaide-Loridan and
upin, 2012; Dielen et al., 2010; Luo, 2016). Specific to the Reoviridae
amily, both rotavirus and avian reovirus replication and viro-
lasm formation require a functional proteasome. Treatment with
roteasome inhibitors impairs viral protein synthesis, viroplasm

ormation and viral genome replication (Chen et al., 2008; Contin
t al., 2011; Lopez et al., 2011). Interestingly, for Rotavirus, the
ssembly of new viroplasms is impaired by blocking proteasome
ctivity (Contin et al., 2011). In Bluetongue virus, inhibition of the
roteasome leads to decreased virus titers and viral protein syn-
hesis (Bhattacharya et al., 2015).

Although transient expression in N. benthamiana proved to be
seful for studying fijivirus viroplasm components (J. Li et al., 2014,
013; Songbai et al., 2013), we failed to express sufficient amounts
f MRCV P6 and P9-1 in this model system. In agreement, Wang
t al. (2011) also encountered problems trying to express com-
lete RBSDV P6 fused to DsRed in N. benthamiana (Wang et al.,
011). In our study, both MRCV P6 and P9-1 contain conserved
EST sequences that are absent in the rest of MRCV proteins. To
ate, few studies report on viruses regulating their protein expres-
ion through PEST sequences. For instance, the RNA polymerase
NA-dependent 66 K of Turnip yellow mosaic virus (TYMV) contains

 PEST sequence that mediates degradation by the UPS (Camborde
t al., 2010; Drugeon and Jupin, 2002; Hericourt et al., 2000), and
s also phosphorylated within the PEST sequence (Jakubiec et al.,
006). Cauliflower mosaic virus (CaMV) capsid protein p44 and
otato virus X TGBp1 movement protein also contain functional
EST sequences (Binaghi, 2012; Karsies et al., 2001). Bovine papil-

omavirus E2 protein contains a PEST sequence within a disordered

egion that can be phosphorylated, thus accelerating E2 degrada-
ion by the UPS. A change in conformational stability, rather than
ecognition of a phosphate modification, may  modulate the degra-
ation of this protein by the UPS (García-Alai et al., 2006; Penrose
rch 230 (2017) 19–28

and McBride, 2000). Remarkably, the MRCV P6 PEST sequence is
located within a predicted disordered region at the N-terminus of
the protein. Given that disordered regions do not adopt a stable con-
formation, they can contain readily accessible linear motifs (Linding
et al., 2003).

Considering these results, we propose that P6 and P9-1 PEST
sequences can have a regulatory role in viroplasm dynamics. Inter-
estingly, all five serines (at positions 34, 38, 40, 42 and 47) and
threonine 43 within the MRCV P6 PEST sequence, as well as serines
at position 145, 157 and 148 and threonine 146 of P9-1 PEST are pre-
dicted to be possible phosphorylation sites (data not shown). The
discovery of PEST-containing proteins in members of the Reoviridae
family may  contribute to the understanding of viroplasm dynamics
in different genera of this virus family.
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