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Abstract

Background

Localization and interaction studies of viral proteins provide important information about

their replication in their host plants. Tospoviruses (Family Bunyaviridae) are economically

important viruses affecting numerous field and horticultural crops. Iris yellow spot virus
(IYSV), one of the tospoviruses, has recently emerged as an important viral pathogen of Al-
lium spp. in many parts of the world. We studied the in vivo localization and interaction pat-

terns of the IYSV proteins in uninfected and infected Nicotiana benthamiana and identified

the interacting partners.

Principal Findings

Bimolecular fluorescence complementation (BiFC) analysis demonstrated homotypic and

heterotypic interactions between IYSV nucleocapsid (N) and movement (NSm) proteins.

These interactions were further confirmed by pull-down assays. Additionally, interacting re-

gions of IYSV N and NSm were identified by the yeast-2-hybrid system and β-galactosidase

assay. The N protein self-association was found to be mediated through the N- and C-termi-

nal regions making head to tail interaction. Self-interaction of IYSV NSm was shown to

occur through multiple interacting regions. In yeast-2-hybrid assay, the N- and C-terminal

regions of IYSV N protein interacted with an N-terminal region of IYSV NSm protein.

Conclusion/Significance

Our studies provide new insights into localization and interactions of IYSV N and NSm pro-

teins. Molecular basis of these interactions was studied and is discussed in the context of

tospovirus assembly, replication, and infection processes.
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Introduction
Thrips-transmitted tospoviruses cause serious losses in yield and quality of the produce of a
wide range of field and horticultural crops in different parts of the world [1–3]. Total losses
due to tospoviral diseases are estimated to be more than US$1 billion every year [4]. The
genus Tospovirus, with the type species Tomato spotted wilt virus (TSWV) [5], consists of
the plant-infecting members of the Bunyaviridae, a family that primarily comprises of ani-
mal-infecting viruses classified in the 4 genera Orthobunyavirus, Hantavirus, Nairovirus, and
Phlebovirus [6].

Tospovirus particles are quasi-spherical in shape having diameter ranging from 80–
110 nm that are enveloped by a lipid membrane. Virus particles contain tripartite negative-
sense and ambisense single-stranded RNAs that are designated large (L), medium (M),
and small (S) based on their sizes [7]. All RNA segments contain conserved and inverted
complementary sequences at the 5` and 3` ends that enable the formation of a pan-handle
structure. The tospovirus genome encodes the nucleocapsid protein (N), two enveloped gly-
coproteins (GN and GC), silencing suppressor (NSs), movement protein (NSm) and an RNA
dependent RNA polymerase (RdRp) [7–8]. The entire L RNA is in negative sense and codes
for one large open reading frame (ORF) in the viral complementary (vc) strand. The RdRp
(*330kDa), encoded by the L RNA, is involved in replication and transcription of the viral
genome [9].

The NSm and NSs proteins are encoded from the viral (v) strands of M and S RNAs, re-
spectively [8–9]. The NSm protein has roles in the tubule structures formation that are re-
quired for cell-to-cell and systemic movement and development of symptoms [10–11]. The
NSs protein is a suppressor of gene silencing to overcome the RNA interference defense
mechanisms of plants [12–13] and is important for efficient accumulation of the virus in
adult insects [14]. The structural glycoprotein (GP) precursor and nucleocapsid (N) are en-
coded from the vc strands of M and S RNAs, respectively [8–9]. Mature GN and GC glycopro-
teins are derived from proteolytic processing of GP. Both glycoproteins form protruding
spikes on the surface of the lipid membrane envelope and are important for thrips transmis-
sion and vector specificity [9, 15].

Iris yellow spot virus (IYSV) is an economically important tospovirus impacting onion seed
and bulb crops in the United States and several parts of the world [1–2, 16]. IYSV was first iso-
lated as a new tospovirus from Iris hollandica in the Netherlands [17]. It was first described in
the United States in 1989, infecting onion crops in Idaho [18]. In the US, the effect of disease is
most damaging to onion seed crops since infection leads to lodging that could force the growers
to abandon the crop resulting in 100% loss [1]. IYSV is of concern to the onion bulb and seed
industries as few effective management options are currently available for control of the virus
and/or the thrips vector [19].

To understand the molecular biology of IYSV in detail, we performed localization and inter-
action studies of its proteins. The intracellular localization of all IYSV proteins except RdRp
was studied in both uninfected and IYSV-infected plants to observe if localization pattern of
tospovirus proteins change in the presence of replicating virus. We also studied the interactions
of the IYSV proteins in Nicotiana benthamiana cells using bimolecular fluorescence comple-
mentation (BiFC) technique to gain a better understanding of the association of IYSV proteins
in vivo. The BiFC interaction results were further validated by maltose binding protein (MBP)
pull down and yeast-2-hybrid assays. We also performed yeast-2-hybrid assays to identify in-
teracting regions of IYSV N and NSm proteins.
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Materials and Methods

Plant materials
Wild-type and transgenic N. benthamianamarker plants expressing autofluorescent markers
(Red FP or Cyan FP) targeted to the nucleus (Histone H2B) were used [20]. Plants were grown
in a greenhouse with 16 h day/8 h night cycle. A Washington isolate of IYSV from onion was
maintained in N. benthamiana in a greenhouse under ambient conditions and was used as a
source of inoculum for 4 to 6-weeks old plants. To perform the localization and BiFC interac-
tion assays in infected leaves, symptomatic leaves of IYSV-inoculated plants were used for
agroinfiltration at 10 to 14 days post inoculation (dpi).

Amplification of IYSV genes from infected plants
Total RNA from IYSV-inoculated plants was isolated using RNeasy plant mini kit (Qiagen),
and cDNA was generated using Superscript II reverse transcriptase (Invitrogen) and gene-spe-
cific primers. IYSV ORFs for the N, NSm, NSs, GN and GC proteins were amplified by PCR
using Platinum Pfx DNA polymerase (Invitrogen) and attB sequence-flanked virus-specific
primers (Table 1). IYSV-specific primer sequences were designed from the published se-
quences of IYSV isolates (GenBank accession numbers JQ973067 /AF001387.1 /AF214014.1).
IYSV blunt-end amplicons were cloned into pDONR221 or pENTR-D-TOPO vectors (Invitro-
gen) and three clones were sequenced in both directions using M13 forward and reverse prim-
ers and gene-specific primers.

Transient expression of fusion proteins and BiFC assay
For protein localization and BiFC studies, IYSV proteins were expressed in wild-type, and
marker N. benthamiana plants. In brief, full-length ORF entry clones of IYSV without a stop
codon were recombined into binary destination pSITE or pSITE II vectors. pSITE-2CA [green
fluorescent protein (GFP) fusions] vectors were used for localization studies [20–23].

For BiFC interaction assays, IYSV proteins were fused to the amino- and carboxy-terminal
portions of yellow fluorescent protein [pSITE-BiFC-nEYFP-C1 and pSITE-BiFC-cEYFP-C1]
and pSITE-BiFC-N1 vectors. Expression of fusion constructs was tested by Western blotting
using GFP and YFP antibodies (Santa Cruz Biotechnology Inc.). Interactions were tested in all

Table 1. List of primers used for bimolecular fluorescence complementation and pull down assays.

aPrimer name b Primer sequence (5’-3’) Size (bp) Tm (°C)

IYSV N_F caccATGTCTACCGTTAGGGTGAAA 819 51

IYSV N_R ATTATATCTATCCTTCTTGGAG

IYSV NSm_F ggggacaagtttgtacaaaaaagcaggcttcATGTCTCTCCTAACTAACGTG 936 60

IYSV NSm_R gggggaccactttgtacaagaaagctgggtcTACTTCATTAAATCTGTTCTCGTT

IYSV NSs_F ggggacaagtttgtacaaaaaagcaggcttcATGTCTACCGTTAGGACTAC 1328 55

IYSV NSs_R gggggaccactttgtacaagaaagctgggtcCTGCAGCTCTTCTACAGTAA

IYSV GN_F caccATGAATTTACAATATCTACTACTC 1347 54

IYSV GN_R TGCCAAACTAGATGGTAT

IYSV GC_F caccATGCCCAGGCAATCT 1575 54

IYSV GC_R AAAATCTAAAGGGAACTGA

a Primer names with the suffix ‘F’ are forward primers, while those with ‘R’ are reverse primers.
b Sequence of primer, where the underlined nucleotides are att sequence for the Gateway cloning.

doi:10.1371/journal.pone.0118973.t001
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pairwise combinations and orientations as described previously [24]. As a non-binding control,
Glutathione-S-transferase (GST) was used in all studies. For co-localization studies, organelle
markers that were developed as binary plasmids [25] were obtained from the Arabidopsis Bio-
logical Research Center (ABRC; Ohio). The markers used in this study were ER-ck or -rk (en-
doplasmic reticulum with cyan or red fluorescent protein; ER-CFP or ER-RFP). Recombinant
pSITE vectors with IYSV genes and organelle markers were transformed into Agrobacterium
tumefaciens LBA4404. Transformed agroclones were infiltrated into N. benthamianamarker
plants as described [26]. Agroinfiltrated plants were kept under constant illumination at 25°C.
After 48-h incubation, water-mounted sections of leaf tissue were examined by Leica confocal
laser scanning microscope (Leica Microsystems). A minimum three leaves for each expression
construct were examined and high-quality images were obtained as described in [26].

Pull down assay
Maltose binding protein (MBP) pull down assay was performed as described [27] with some
modifications. Briefly, IYSV N and NSm amplicons were cloned into pDONR221 or pENTR-
D-TOPO vectors (Invitrogen). The entry clones were recombined into GW pMAL-c2X and
pDEST15 vectors (Invitrogen). Pull-down assays were performed by mixing “bait” (MBP alone
or fused to IYSV N or NSm) crude protein extract with “prey” (protein extract, from E. coli ex-
pressing GST with IYSV proteins or empty expression vector) crude protein extract in a micro-
centrifuge tube. For each treatment, “Load”, “Flow-Through” and “Elution” samples were
made and were separated on a 10% SDS-polyacrylamide gel and transferred to a PVDF mem-
brane (Millipore) following manufacturer’s instructions. The blot was probed with anti-GST
monoclonal antibodies (1:2000) (Sigma) and with HRP conjugated secondary antibody
(1:1000) (Sigma). Images were acquired within 5 minutes of ECL (GE healthcare) addition
using VersaDoc imaging system (Bio-Rad) according to the manufacturer’s specifications.

Yeast-2-hybrid (Y2H) and β-galactosidase assays
Yeast-2-hybrid assays were performed as described [28]. Plasmids pEG202 and pJG4-5, as well
as yeast strain EGY48 harboring pSH18-34, were a gift from Scott Leisner (University of Tole-
do, OH). IYSV N and NSm genes were divided into four and three regions respectively. Reverse
primers were designed with termination codons. All regions were amplified with Pfu DNA po-
lymerase by the Gateway primer sequences (Table 2). Amplicons were cloned into attP-con-
taining pDONR221 or pENTR-D-TOPO vectors using the Gateway cloning system
(Invitrogen) and the entry clones were sequenced as described earlier. The confirmed entry
clones were recombined into binary yeast plasmids with either the LexA DNA-binding do-
main-encoding region of pEG202 or the DNA sequence coding for the B42 activation domain
in pJG4-5 [29–30].

The recombinant plasmids were amplified in E. coli and subsequently introduced into Sac-
charomyces cerevisiae EGY48 harboring the pSH18-34 β-galactosidase reporter plasmid using a
lithium acetate yeast transformation procedure [28–31]. First, the pEG202 plasmids harboring
either full-length N and NSm genes of IYSV or their various fragments were combined with
yeast strain EGY48 containing pSH18-34 and were selected on synthetic defined (SD)/-Ura-
His medium (Clontech laboratories). Individual colonies were used to establish yeast lines har-
boring recombinant pEG202 plasmids. Recombinant pJG4-5 plasmids were then introduced
into these lines. The transformants were grown at 30°C on agar plates containing either SD
Base/Gal/Raf/-Ura-His-Trp (+L) or SD Base/Gal/Raf/-Ura-His-Trp-Leu (-L) (Clontech lab.)
for 3–5 days. Vector pJG4-5 without a gene insert was used as a negative control for each set of
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yeast transformations. β-galactosidase assays were performed to measure reporter gene activity
as described in [28–29].

Results

Localization of IYSV proteins in N. benthamiana leaves
To study the localization pattern of IYSV proteins, each gene was fused with GFP at both N-
and C-termini and agroinfiltrated in wild-type and marker RFP-H2B plants. Each fusion pro-
tein was also agroinfiltrated in the IYSV-inoculated leaves of N. benthamiana plants. Confocal
microscopy was performed on the leaf sections of agroinfiltrated plants. As a control, GFP
without any fusion was agroinfiltrated in plants. GFP alone localized to the nucleus and cell pe-
riphery (Fig. 1). Our localization studies suggested that the IYSV N protein localizes in the cy-
toplasm and the cell periphery of wild-type as well as marker RFP-H2B plants as aggregates
(Fig. 1).

In RFP-H2B plants infected with IYSV, IYSV N protein localized in the cell periphery and
co-localized with the endoplasmic reticulum (ER) when expressed with a binary ER-RFP mark-
er (Fig. 2 A-D and S1 Fig.). IYSV NSm and NSs were fused with GFP and expressed in wild-
type and RFP-H2B transgenic plants. Both these non-structural proteins localized in the cell
periphery and colocalized with the ER-RFP marker. Similar expression profiles of IYSV NSm
and NSs were observed in infected plants (Fig. 2 E-L and S1 Fig.). To study the localization of
IYSV glycoproteins, the N- and C-termini of glycoprotein precursors (GN and GC) were ex-
pressed separately in RFP-H2B plants. GFP fusions of the mature glycoproteins, GN and GC, in

Table 2. List of primers used for yeast-2-hybrid assays.

aPrimer name b,c Primer sequence (5’-3’) Length (aa) Tm (°C)

IYSV N_F caccATGTCTACCGTTAGGGTGAAAC 1–273 51

IYSV N_R TTAATTATATCTATCCTTCT

IYSV N2_F caccATGTCTACCGTTAGGGTGAAAC 1–90 51

IYSV N2_R TCTAACCTCCTGAATGTCA

IYSV N3_F caccTGGACATTCAGGAGGTTAGA 91–180 51

IYSV N3_R CTGCTTATACCGAGTGCTTA

IYSV N4_F caccGAAGCACTCGGTATAAGCAG 181–220 51

IYSV N4_R GTGCATTCAGTGAGGATCTA

IYSV N5_F caccAAGATCCTCACTGAATGCAC 221–273 51

IYSV N5_R TTAATTATATCTATCCTTCT

IYSV NSm_F ggggacaagtttgtacaaaaaagcaggcttcATGTCTCTCCTAACTAACGT 1–312 60

IYSV NSm_R gggggaccactttgtacaagaaagctgggtcTCATACTTCATTAAATCTGT

IYSV NSm2_F ggggacaagtttgtacaaaaaagcaggcttcATGTCTCTCCTAACTAACGT 1–160 60

IYSV NSm2_R gggggaccactttgtacaagaaagctgggtcTTTCTTAAGGTGTCATCTTA

IYSV NSm 3_F ggggacaagtttgtacaaaaaagcaggcttcAAAGATGATTCCCTTATTGG 100–200 60

IYSV NSm3_R gggggaccactttgtacaagaaagctgggtcTAGTCAACTAAAGCTGCATA

IYSV NSm4_F ggggacaagtttgtacaaaaaagcaggcttcAATTTGACTAGTAACGAAAA 201–312 60

IYSV NSm4_R gggggaccactttgtacaagaaagctgggtcTCATACTTCATTAAATCTGT

a Primer names with the suffix ‘F’ are forward primers, while those with ‘R’ are reverse primers.
b Sequence of primer, where the underlined nucleotides are att sequence for the Gateway cloning
c The italicized underlined nucleotides are stop codan sites.

doi:10.1371/journal.pone.0118973.t002
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uninfected and infected RFP-H2B plants also localized to the cell periphery and co-localized
with ER. Although, GFP-GN localized exclusively to the cell periphery, GFP-GC localized to
both the cell periphery and the nucleus. IYSV GN and GC were also found to be colocalized
with ER-RFP marker (Fig. 2 M-T and S1 Fig.). IYSV protein fusion with RFP formed similar
localization patterns in the cell periphery and colocalized with the ER network (data not
shown).

Homotypic and heterotypic interactions of IYSV proteins
All IYSV structural and non-structural proteins, except RdRP were tested for interaction using
the BiFC approach in all pairwise combinations. IYSV proteins were expressed in binary
pSITE-BiFC vectors and co-agroinfiltrated into wild-type N. benthamiana and marker CFP-
H2B plants. IYSV N protein interactions with itself and other structural and non-structural
proteins were tested. Homotypic or self-interaction of the N and NSm proteins and heterotypic
interaction between the N and NSm proteins were detected by BiFC. Interactions between
IYSV N and NSm were observed in both orientations. All positive interactions were found to
occur in the cell periphery when proteins were co-expressed with ER-CFP marker in infected
CFP-H2B plants (Fig. 3 A-I). The self-interaction of N protein and its interaction with NSm
led to the formation of some aggregates in the cell periphery suggesting potential multi-mole-
cule complexes. All possible combinations of N and NSm proteins were tested for interactions.
However, only combinations that had proteins fused to C-terminal region of YFP showed posi-
tive interactions (S2 Fig.). Interaction of N with NSs and glycoproteins were not observed in
our BiFC assays when they were expressed from the BiFC-C1 and BiFC-N1vectors. None of
the IYSV proteins tested interacted with GST in either orientation (data not shown).

Homotypic and heterotypic interactions of IYSV N and NSm proteins were biochemically
confirmed by MBP pull down assays. Approximately half of the GST-N or -NSm bound to the
MBP-N or -NSm resin and bound partners were eluted as a complex (Fig. 4, panel a). However,
no cross-reacting bands were observed in the elution fraction of samples containing GST-N
or -NSm added to the amylose resin expressing MBP alone, empty pDEST15 expressing GST

Fig 1. Localization of Iris yellow spot virus (IYSV) nucleocapsid (N) protein in epidermal cells of
uninfected transgenicNicotiana benthamiana plants containing the red nuclear marker histone 2B
(RFP-H2B). Confocal micrographs represent IYSV fusion proteins to the C-terminus of green fluorescent
protein (GFP). Columns from left to right show GFP-gene fusion or free GFP (1), RFP-H2B (2), and the
overlay of the images (3). (a-c). IYSV N fusion with GFP in RFP-H2B plants; (d-f). Free GFP in RFP-H2B
plants. Each micrograph represents minimum 50 cells that were examined for localization. Scale bar = 20μm.

doi:10.1371/journal.pone.0118973.g001
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alone, MBP-N or -NSm, or when crude samples of both empty vectors were used for pull down
analyses (Fig. 4). Since TSWV N contains two RNA-binding domains and its NSm interacts
with RNA [4, 32], it is possible that viral RNA bridging the interactions could also mediate
IYSV N and NSm self-interaction. To test this possibility, proteins were treated with RNase A.
RNase A treatment had no effect on IYSV N protein self-interaction indicating that this inter-
action was independent of RNA (Fig. 4). Taken together, BiFC and pull-down data indicate
that the IYSV N and NSm self-associate and IYSV N interacts with its NSm protein.

Interacting regions of IYSV N and NSm proteins
To identify the regions within the N and NSm that are responsible for the interactions, N and
NSm were divided into four and three regions, respectively whose coding regions were

Fig 2. Localization of Iris yellow spot virus (IYSV) proteins, in epidermal cells of IYSV-infected
transgenicNicotiana benthamiana plants containing the red nuclear marker histone 2B (RFP-H2B),
and red endoplasmic reticulummarker (ER-RFP). Confocal micrographs represent IYSV fusion proteins
to the C-terminus of green fluorescent protein (GFP). Columns from left to right show GFP-gene fusion (1),
RFP-H2B (2), ER-RFP (3), and the overlay of the images (4). (a-d) GFP-IYSV N co-expression with RFP-H2B
and ER-RFP; (e-h) GFP-IYSV NSm co-expression with RFP-H2B and ER-RFP; (i-l) GFP-IYSV NSs co-
expression with RFP-H2B and ER-RFP; (m-p) GFP-IYSV GN co-expression with RFP-H2B and ER-RFP; (q-
t) GFP-IYSV GC co-expression with RFP-H2B and ER-RFP. Each micrograph represents a minimum of 50
cells that were examined for localization. Scale bar = 20μm.

doi:10.1371/journal.pone.0118973.g002
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generated by PCR. Amplicons were inserted into yeast two-hybrid vectors and tested for inter-
actions. The only yeast transformants showing leucine-independent growth and β-galactosi-
dase activity were those expressing N protein fused to the DBD and portions of N protein
containing the N-terminal (1–90 aa; N2) and C-terminal (221–273 aa; N5) regions connected
to the TAD (Fig. 5). None of the remaining co-transformants was able to grow on leucine-defi-
cient media and all lacked β-galactosidase activity. To identify the portion (s) of N that the N2
and N5 regions interacted with, IN5 was tested against the other N protein regions. IN5 region
bound efficiently only to N2 and itself (Fig. 5). Hence, only the yeast transformants expressing
the N2 and N5 terminal regions of IYSV N fused to both the LexA DBD and B42 TAD showed
leucine-independent growth and β-galactosidase activity.

In case of NSm, the interacting regions were those expressing NSm fused to the DBD and
expressing portions of NSm containing the N-terminal (1–160 aa; NSm2), middle (100–200 aa;
NSm3 and C-terminal (201–312 aa; NSm4) regions connected to the TAD (Fig. 6). INSm2 re-
gion bound efficiently to all other regions of IYSV NSm (Fig. 6).

In cross-interaction assays, IYSV N fused to the DBD interacted with a portion of NSm con-
taining the N-terminal (1–160 aa; NSm2) region connected to the TAD (Fig. 7). When NSm2
was tested against different IYSV N protein regions, only N-terminal region of IYSV N (1–90
aa; N2) and a C-terminal region of IYSV N (221–273 aa; N5) bound tightly with NSm2 and
showed leucine-independent growth and β-galactosidase activity (Fig. 7).

Fig 3. In planta interactions of Iris yellow spot virus proteins as examined by bimolecular
fluorescence complementation (BiFC) assay. Interaction assays were performed in leaf epidermal cells of
IYSV-infected transgenic Nicotiana benthamiana plants expressing cyan fluorescent protein fused to the
nuclear marker histone 2B (CFP-H2B), and cyan endoplasmic reticulum (ER-CFP) marker. Column 1 shows
BiFC, column 2 shows localization of CFP-H2B and ER-CFP (nucleus and ER), and column 3 shows a merge
of all panels (overlay). The first and second proteins mentioned in each pair of interactors were expressed as
C-terminal fusions to the amino-terminal half of YFP and as C-terminal fusions to the carboxy-terminal half of
YFP respectively. A set of positive interactions is shown here after testing interactions in all pairwise
combinations: (a-c) N/N, (d-f) NSm/ NSm, (g-i) NSm/N. Each micrograph represents a minimum of 50 cells
that were examined for interaction. Scale bar = 20μm.

doi:10.1371/journal.pone.0118973.g003
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In summary, we have shown that IYSV N and NSm proteins specifically self-associate and
associate with each other. The N protein self-association is likely mediated through N-terminal
and C-terminal regions in a head to tail configuration. The NSm self-interaction occurs

Fig 4. Maltose binding protein pull-down assays of Iris yellow spot virus (IYSV) proteins. Self-
interaction of nucleocapsid; N (1) and movement; NSm (2) proteins, and cross-interaction of IYSV N and
NSm proteins (3). ‘Load’ above the column represents the protein content initially loaded to the MBP column;
‘wash’ above the column comprises of the protein not adhering to the column; ‘elution’was the material that
attached to the column and was desorbed by the addition of maltose. Proteins were subjected to protein gel
blot analysis and probed with anti-GST primary antibody. (1.a) MBP-tagged Nmixed with GST-tagged N. (1.
b) MBP alone mixed with GST-tagged N. (1.c) MBP-tagged Nmixed with GST alone. (1.d) GST alone mixed
with MBP alone. (1.e) The same combination as 1.a, except that proteins were first subjected to RNase
treatment. (2.a) MBP-tagged NSmmixed with GST-tagged NSm. (2.b) MBP alone mixed with GST-tagged
NSm. (2.c) MBP-tagged NSmmixed with GST alone. (2.d) The same combination as 2.a, except that proteins
were first subjected to RNase treatment. (3.a) MBP-tagged Nmixed with GST-tagged NSm.

doi:10.1371/journal.pone.0118973.g004

Fig 5. Self-interaction of Iris yellow spot virus (IYSV) nucleocapsid (N) protein. (a) Schematic diagram of the constructs tested for leucine independent
growth and β-galactosidase activity. Black box, LexA DBD in pEG202; hatched box, B42 TAD in pJG4-5; blue boxes, IYSV N (N1-full length, amino acids
1–273; N2, amino acids 1–90; N3, amino acids 91–180; N4, amino acids 181–220; N5, amino acids 221–273), white box, full lengthCauliflower mosaic virus
P6 (amino acids 1–520). Numbers to the left of each pair of constructions correspond to the β-galactosidase assays shown in (b). (b) β-galactosidase activity
of yeast transformants expressing constructs as shown in (a).

doi:10.1371/journal.pone.0118973.g005
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through interactions involving all regions, especially the N-terminal region. IYSV N interacts
with NSm through N-and C-terminal regions of IYSV N and N-terminal region of IYSV NSm.

Discussion
Based on the N and NSm protein sequences, tospoviruses have been grouped into “New
World” or American (e.g. TSWV, INSV) and “Old world” or Eurasia (e.g. IYSV) species [4,
33–34]. IYSV is currently present in most of the Allium-growing regions of the world and is a

Fig 6. Self-interaction of Iris yellow spot virus (IYSV) movement protein. (a) Schematic diagram of the constructs tested for leucine independent growth
and β-galactosidase activity. Black box, LexA DBD in pEG202; hatched box, B42 TAD in pJG4-5; yellow boxes, IYSV NSm (NSm1-full length, amino acids
1–312; NSm2, amino acids 1–160; NSm3, amino acids 100–200; NSm4, amino acids 201–312); white box, full lengthCauliflower mosaic virus P6 (amino
acids 1–520). Numbers to the left of each pair of constructions correspond to the β-galactosidase assays shown in (b). (b) β-galactosidase activity of yeast
transformants expressing constructs as shown in (a).

doi:10.1371/journal.pone.0118973.g006

Fig 7. Heterotypic interaction of Iris yellow spot virus (IYSV) nucleocapsid (N) andmovement (NSm) proteins. (a) Schematic diagram of the
constructs tested for leucine independent growth and β-galactosidase activity. Black box, LexA DBD in pEG202; hatched box, B42 TAD in pJG4-5; blue
boxes, IYSV N (N1-full length, amino acids 1–273; N2, amino acids 1–90; N3, amino acids 91–180; N4, amino acids 181–220; N5, amino acids 221–273);
yellow boxes, IYSV NSm (NSm1-full length, amino acids 1–312; NSm2, amino acids 1–160; NSm3, amino acids 100–200; NSm4, amino acids 201–312).
Numbers to the left of each pair of constructions correspond to the β-galactosidase assays shown in (b). (b) β-galactosidase activity of yeast transformants
expressing constructs as shown in (a).

doi:10.1371/journal.pone.0118973.g007
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constraint to onion production [1]. The intracellular localizations and interactions of two tos-
poviruses, TSWV and INSV, were the subject of previous studies [4, 9–11, 23, 32]. As IYSV is a
distinct and economically important species of the Eurasia group in the Tospovirus genus, we
studied the localization and interaction patterns of the IYSV proteins in epidermal leaf cells of
wild-type and marker RFP/CFP-H2B plants. Additionally, we investigated the localization and
interactions of IYSV proteins in infected cells to determine if there is any change in localization
in the presence of replicating virus. All studied IYSV proteins were found to localize in the cell
periphery and endoplasmic reticulum (ER).

To study the in planta localization of IYSV N protein, it was fused with GFP and the fusion
protein was found to be localized in the cytoplasm and cell periphery as aggregates when ex-
pressed following agroinfiltration of wild-type and RFP-H2B plants. Previous studies on
TSWV and INSV proteins have shown a similar localization pattern of the N protein in N.
benthamiana leaves [4, 23, 32]. When IYSV N protein fused with GFP was agroinfiltrated into
IYSV-infected wild-type and RFP-H2B plants, it localized in the cell periphery. This type of lo-
calization pattern was not observed in uninfected TSWV and INSV N proteins and was only
seen in our study in IYSV-infected plants. The co-infiltration of GFP fusion of IYSV N and bi-
nary vector containing ER-RFP marker in RFP-H2B plants formed similar localization pattern
in the cell periphery and the N protein co-localized with ER. Recently, it was shown that the
INSV N protein had a similar co-localization pattern when expressed as RFP fusion with the
ER targeted GFP in 16c transgenic N. benthamiana plants [23]. This co-localization pattern
was only observed in live plant cell imaging of INSV and IYSV. TSWV N protein in BHK21
cells or in tobacco protoplasts did not show similar co-localization pattern [9, 35]. Recently the
co-localization of TSWV N was shown with actin filaments and ER using live plant cell imag-
ing of intact leaves, which also confirms the co-localization of tospovirus N protein with the
ER network [36].

In previous studies, the NSm protein of TSWV and INSV was shown to be localized on the
cell periphery along the ER network suggesting some additional functions of NSm [5, 32]. Sim-
ilar localization pattern of IYSV NSm was observed in our studies in uninfected and infected
RFP-H2B plants. In addition to N and NSm, all other IYSV proteins (NSs, GN and GC) were
also found to be localized to the cell periphery with the ER network, which confirms the cyto-
plasmic location for replication of tospoviruses in infected cells [5].

Homotypic interaction of tospovirus N proteins has been previously reported in TSWV
using a variety of interaction assays [4, 5, 37]. In planta homotypic interaction has also been re-
ported for Capsicum chlorosis tospovirus and INSV using BiFC [23, 38]. Our studies on IYSV
N protein interaction by BiFC and pull down assays showed a similar pattern of homotypic in-
teraction of the N protein. Homotypic interaction and multimerization of the N protein have
been speculated as a prerequisite in tospovirus replication [4]. IYSV N protein localization and
interaction with itself in the cell periphery suggests a shift in its localization from the cytoplasm
to cell periphery where it interacts with itself and other proteins in infected plants.

The NSm protein of tospoviruses has been reported to have typical characteristics of virus
movement proteins as it supports cell-to-cell movement by formation of tubule structures [10].
Previous studies on TSWV NSm have reported its transient expression early in systemic infec-
tion, its interaction with TSWV RNA and N protein in the cytoplasm, and its localization close
to plasmodesmata, cell wall, and cytoplasmic membranes [11]. Our study shows the localiza-
tion and homotypic interaction of IYSV NSm in the cell periphery at ER sites in infected cells.
Homotypic interaction of the NSm proteins was recently reported in INSV by using BiFC, but
it was not found in TSWV suggesting that some interactions can only be observed by live cell
imaging [23].
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Homotypic interaction of the NSm proteins on the cell periphery at ER sites confirms their
role in intercellular trafficking as a multimeric complex. Heterotypic interaction between the N
and NSm has been reported in TSWV and INSV and has been proposed as a prerequisite in tu-
bule-guided movement of tospoviruses [23, 32]. The interaction between IYSV N and NSm
was also shown in this study using BiFC, pull down, and yeast-2-hybrid assays. Interaction be-
tween TSWV N and NSm that was reported previously [32], was validated by using BiFC and
we found similar patterns of interaction as shown in IYSV (S3 Fig.). All these findings confirm
that nucleocapsid and movement proteins of tospoviruses interact with each other in infected
plants in the cell periphery at the ER.

In our study, the IYSV NSm protein interacted with the N protein and with itself, which
might assist in its function in ribonucleoprotein (RNP) binding and tubule formation. Tospo-
virus-encoded NSm has been reported to express early in the systemic infection and aggregate
with the nucleocapsid protein in the cytoplasm of host cells [10, 11]. Thus, interaction between
NSm and N proteins and with tospoviral RNA explains a molecular basis for specific recogni-
tion of nucleocapsid structures. N/NSm interaction also suggests cellular trafficking of these
proteins with different host proteins [5, 23, 32, 39]. The molecular basis of TSWV N/N interac-
tion has been well studied. Homotypic interaction of the TSWV N protein is reportedly medi-
ated by its N-terminal and C-terminal regions and results from a head-to-tail configuration
[4]. However, molecular basis of tospovirus NSm/NSm and N/NSm interactions has not been
studied. We used the yeast-2-hybrid system to identify the regions of IYSV N and NSm respon-
sible for these interactions. Our data suggest that the homotypic interaction of IYSV N is medi-
ated by an N-terminal (1–90 aa) and a C-terminal (221–273 aa) region, as shown in self-
interaction of TSWV N [4]. Moreover, these N protein regions also interact with an N-terminal
region of NSm. Hence, these head-to-tail interactions of N- and C-terminal domains play roles
in self-interaction and multimerization of the N protein of tospoviruses. This interaction may
also be of crucial significance for N/NSm interaction, which is a prerequisite for tubule-guided
movement of tospovirus N protein [10]. IYSV NSm-NSm interaction in our study involves all
three regions (N-, middle, and C-) of the NSm protein. These regions in TSWV NSm have
been reported to be involved in tubule formation, movement and symptomatology of the “new
world” tospoviruses [11].

The NSs protein of tospoviruses has been reported to obstruct the plant RNA silencing de-
fense pathway by seizing small RNAs to inhibit uploading into RNA-induced silencing com-
plexes. NSs also interacts with several host RNA silencing pathway components [5]. Similar to
findings for TSWV and INSV, we did not detect any homotypic or heterotypic viral protein in-
teractions involving the IYSV NSs protein by BiFC. Recently, it was reported that the predicted
hairpin structure of TSWV RNA, found between the N and NSs ORFs on the S segment, plays
a role in translation in concert with viral N protein [40]. We could not detect any interaction
between IYSV N and NSs proteins, the reason for which might be the requirement of the RNA
hairpin structure for association or because of differences between the two viruses.

Tospovirus glycoproteins have been shown to be critical for transmissibility by thrips vec-
tors [15]. Reportedly, TSWV GN and GC cause membrane deformation and interact with each
other and with the N protein to help in particle assembly at the Golgi complex [9, 41]. The mat-
uration mechanism of glycoproteins and its interplay with endomembrane systems has recent-
ly been reported [42]. TSWV GC solely localizes in ER when transiently expressed in N.
tabacum protoplasts, whereas GN was found both within the ER and Golgi membranes [42].
During maturation of TSWV, GC was shown to localize at ER membranes. However, it be-
comes ER export competent upon co-expression with GN [42]. Nucleocapsid protein recruits
ER-resident protein and interacts with cytosolic tail of GC at the ER export sites (ERESs) for its
transport to the Golgi [42–43]. IYSV GN and GC localized in the ER network. IYSV GC also
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localized to the nucleus. Similar pattern of localization of GN and GC was observed in INSV
[23]. We did not observe any interaction between IYSV N and GN or GC by BiFC in infected
plants. Low-level expression of glycoproteins or steric constraints preventing the YFP halves
from coming together may have been responsible for the observed lack of BiFC interaction be-
tween N and glycoproteins [23]. Further investigation on the behavior of glycoproteins will
provide a better insight into their interaction with the N protein. Additionally, based on previ-
ous reports and this study, it could also be concluded that tospovirus N protein forms a motile
multimeric complex that moves from cytoplasm to cell periphery through actin/ER network,
where it possibly interacts with the NSm protein and glycoproteins to facilitate the movement
and assembly of virus particles during infection process. The movement of the N protein is ini-
tiated in the presence of replicating virus and may involve some host factors. In summary, our
studies showed the localization and interactions of transiently expressed IYSV proteins in N.
benthamiana plants. A minor shift in the localization of IYSV N protein in infected plants was
noticed compared to uninfected plants. Interaction studies of IYSV proteins were conducted
by BiFC in uninfected and infected plants. The positive BiFC interactions of IYSV N and NSm
proteins were validated by pull down and yeast-2-hybrid assays to reduce the chances of any
false positives. In addition, the critical regions responsible for IYSV N/N, N/NSm, and NSm/
NSm interactions were identified. More detailed investigation of the molecular basis of these
interactions would facilitate a better understanding of the replication, transcription, and as-
sembly processes in tospoviruses.

Supporting Information
S1 Fig. High-resolution confocal micrographs showing the localization of Iris yellow spot
virus (IYSV) proteins in epidermal cells of IYSV-infected transgenic Nicotiana benthami-
ana plants containing red endoplasmic reticulum marker (ER-RFP). Confocal micrographs
represent IYSV fusion proteins to the C-terminus of green fluorescent protein (GFP). Columns
from left to right show GFP-gene fusion (1), ER-RFP (2), and the overlay of the images (3). (a-
c) GFP-IYSV N co-expression with ER-RFP; (d-f) GFP-IYSV NSm co-expression with ER-
RFP; (g-i) GFP-IYSV NSs co-expression with RFP-H2B and ER-RFP; (j-l) GFP-IYSV GN co-
expression with ER-RFP; (m-o) GFP-IYSV GC co-expression with ER-RFP. Each micrograph
represents a minimum of 50 cells that were examined for localization. Scale bar = 20μm.
(TIF)

S2 Fig. Confocal micrographs to show the interaction of Iris yellow spot virus (IYSV) nucle-
ocapsid (N) and movement (NSm) proteins in epidermal leaf cells of transgenic Nicotiana
benthamiana (CFP-H2B) plants by bimolecular fluorescence complementation (BiFC)
assay. Shown are the images of fluorescence emitted by YFP+CFP (left), transmitted light
mode (middle) and a merge of all panels (overlay; right). The constructed clones were agroinfil-
trated in pairwise combination in infected CFP-H2B plants as follows: (a) wild-type uninfected;
none, (b) none, (c) ER-CFP marker only, (d) nYFP-N1+cYFP-N1, (e) N-nYFP+N-cYFP, (f)
N-nYFP+cYFP-N1, (g) nYFP-N1+N-cYFP-N1, (h) NSm-nYFP+NSm-cYFP, (i) NSm-nYFP+
cYFP-N1, (j) nYFP-N1+NSm-cYFP, (k) N-nYFP+NSm-cYFP, (l) NSm-nYFP+N-cYFP, (m)
nYFP-C1+cYFP-C1, (n) nYFP-N+cYFP-N, (o) nYFP-N+cYFP-C1, (p) nYFP-C1+cYFP-N, (q)
nYFP-NSm+cYFP-NSm, (r) nYFP-NSm+cYFP, (s) nYFP+cYFP-NSm, (t) nYFP-NSm+cYFP-
N, (u) nYFP-N+cYFP-NSm, (v) nYFP-NSm+N-cYFP. (w) nYFP-N+NSm-cYFP. Co-expres-
sion of (n), (q), (t) and (u) showed positive BiFC signal (YFP fluorescence). �Interaction was
tested with the same proteins (N/N, Nsm/Nsm). Each micrograph represents a minimum of
50 cells that were examined. Scale bar = 20μm.
(TIF)
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S3 Fig. In planta interactions of Tomato spotted wilt virus proteins as examined by bimolec-
ular fluorescence complementation (BiFC) assay. Interaction assays were performed in leaf
epidermal cells of transgenic Nicotiana benthamiana plants expressing cyan fluorescent pro-
tein fused to the nuclear marker histone 2B (CFP-H2B), and cyan endoplasmic reticulum (ER-
CFP) marker. Column 1 shows BiFC, column 2 shows localization of CFP-H2B and ER-CFP
(nucleus and ER), and column 3 shows a merge of all panels (overlay). The first and second
proteins mentioned in each pair of interactors were expressed as C-terminal fusions to the
amino-terminal half of YFP and as C-terminal fusions to the carboxy-terminal half of YFP re-
spectively. A set of positive interactions is shown here after testing interactions in all pairwise
combinations: (a-c) N/N, (d-f) NSm/ NSm, (g-i) NSm/N. Each micrograph represents a mini-
mum of 50 cells that were examined. Scale bar = 20μm.
(TIF)

Acknowledgments
We acknowledge the support from the Franceschi Microscopy and Imaging Center (FMIC) at
the Washington State University, Pullman.

Author Contributions
Conceived and designed the experiments: DT GR HRP RGDMMG. Performed the experi-
ments: DT GR. Analyzed the data: DT GR HRP. Contributed reagents/materials/analysis tools:
DT GR HRP RGDMMG. Wrote the paper: DT GR HRP RGDMMG.

References
1. Pappu HR, Jones RA, Jain RK (2009) Global status of tospovirus epidemics in diverse cropping sys-

tems: successes achieved and challenges ahead. Virus Res 141: 219–236. doi: 10.1016/j.virusres.
2009.01.009 PMID: 19189852

2. Mandal B, Jain RK, Krishnareddy M, Krishna Kumar NK, Ravi KS, Pappu HR (2012) Emerging prob-
lems of tospoviruses (Bunyaviridae) and their management in the Indian subcontinent. Plant Dis 96:
468–479.

3. Turina M, Tavella L, Ciuffo M (2012) Chapter 12—Tospoviruses in the Mediterranean Area. In: Gad L,
Hervé L, editors. Adv Virus Res: Academic Press. pp. 403–437. doi: 10.1016/B978-0-12-394314-9.
00012-9 PMID: 22682175

4. Uhrig JF, Soellick TR, Minke CJ, Philipp C, Kellmann JW, Schreier PH (1999) Homotypic interaction
and multimerization of nucleocapsid protein of Tomato spotted wilt tospovirus: identification and char-
acterization of two interacting domains. Proc Natl Acad Sci U S A 96: 55–60. PMID: 9874771

5. Kormelink R, Garcia ML, Goodin M, Sasaya T, Haenni AL (2011) Negative-strand RNA viruses: the
plant-infecting counterparts. Virus Res 162: 184–202. doi: 10.1016/j.virusres.2011.09.028 PMID:
21963660

6. Elliot RM (1996) The Bunyaviridae. Plenum Press, New York.

7. Sherwood JL, German TL, Moyer JW, Ullman DE (2003) Tomato spotted wilt. The Plant Health Instruc-
tor DOI: 101094/PHI-I-2003-0613-02 Updated, 2009.

8. de Haan P, Wagemakers L, Peters D, Goldbach R (1990) The S RNA segment of Tomato spotted wilt
virus has an ambisense character. J Gen Virol 71 (Pt 5): 1001–1007.

9. Ribeiro D, Borst JW, Goldbach R, Kormelink R (2009) Tomato spotted wilt virus nucleocapsid protein
interacts with both viral glycoproteins Gn and Gc in planta. Virology 383: 121–130. doi: 10.1016/j.virol.
2008.09.028 PMID: 18973913

10. Lewandowski DJ, Adkins S (2005) The tubule-forming NSm protein from Tomato spotted wilt virus
complements cell-to-cell and long-distance movement of Tobacco mosaic virus hybrids. Virology 342:
26–37. PMID: 16112159

11. Li W, Lewandowski DJ, Hilf ME, Adkins S (2009) Identification of domains of the Tomato spotted wilt
virus NSm protein involved in tubule formation, movement and symptomatology. Virology 390: 110–
121. doi: 10.1016/j.virol.2009.04.027 PMID: 19481775

Iris yellow spot Protein Interactions

PLOS ONE | DOI:10.1371/journal.pone.0118973 March 17, 2015 14 / 16

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0118973.s003
http://dx.doi.org/10.1016/j.virusres.2009.01.009
http://dx.doi.org/10.1016/j.virusres.2009.01.009
http://www.ncbi.nlm.nih.gov/pubmed/19189852
http://dx.doi.org/10.1016/B978-0-12-394314-9.00012-9
http://dx.doi.org/10.1016/B978-0-12-394314-9.00012-9
http://www.ncbi.nlm.nih.gov/pubmed/22682175
http://www.ncbi.nlm.nih.gov/pubmed/9874771
http://dx.doi.org/10.1016/j.virusres.2011.09.028
http://www.ncbi.nlm.nih.gov/pubmed/21963660
http://dx.doi.org/10.1016/j.virol.2008.09.028
http://dx.doi.org/10.1016/j.virol.2008.09.028
http://www.ncbi.nlm.nih.gov/pubmed/18973913
http://www.ncbi.nlm.nih.gov/pubmed/16112159
http://dx.doi.org/10.1016/j.virol.2009.04.027
http://www.ncbi.nlm.nih.gov/pubmed/19481775


12. Takeda A, Sugiyama K, Nagano H, Mori M, Kaido M, Mise K, et al. (2002) Identification of a novel RNA
silencing suppressor, NSs protein of Tomato spotted wilt virus. FEBS Lett 532: 75–79. PMID:
12459466

13. Bucher E, Sijen T, De Haan P, Goldbach R, Prins M (2003) Negative-strand tospoviruses and tenui-
viruses carry a gene for a suppressor of gene silencing at analogous genomic positions. J Virol 77:
1329–1336. PMID: 12502849

14. Margaria P, Bosco L, Vallino M, Ciuffo M, Mautino GC, Tavella L, Turina M (2014) The NSs protein of
Tomato spotted wilt virus is required for persistent infection and transmission by Frankliniella occiden-
talis. J Virol: doi: 10.1128/JVI.00079-14

15. Sin SH, McNulty BC, Kennedy GG, Moyer JW (2005) Viral genetic determinants for thrips transmission
of Tomato spotted wilt virus. Proc Natl Acad Sci U S A 102: 5168–5173. PMID: 15753307

16. Gent DH, du Toit LJ, Fichtner SF, Mohan SK, Pappu HR, Schwartz HF (2006) Iris yellow spot virus: An
Emerging Threat to Onion Bulb and Seed Production. Plant Dis 90: 1468–1480.

17. Cortês I, Livieratos IC, Derks A, Peters D, Kormelink R (1998) Molecular and serological characteriza-
tion of Iris yellow spot virus, a new and distinct tospovirus species. Phytopathology 88: 1276–1282.
doi: 10.1094/PHYTO.1998.88.12.1276 PMID: 18944829

18. Hall JM, Mohan K, Knott EA, Moyer JW (1993) Tospoviruses associated with scape blight of onion (Alli-
um cepa) seed crops in Idaho. Plant Disease 77: 952.

19. Schwartz HF, editor (2013) Onion Health Management & Production. Onion IPMpipe: 98pp. doi: 10.
1002/14651858.CD003826.pub3 PMID: 24030657

20. Martin K, Kopperud K, Chakrabarty R, Banerjee R, Brooks R, Goodin MM (2009) Transient expression
in Nicotiana benthamiana fluorescent marker lines provides enhanced definition of protein localization,
movement and interactions in planta. Plant J 59: 150–162. doi: 10.1111/j.1365-313X.2009.03850.x
PMID: 19309457

21. Chakrabarty R, Banerjee R, Chung SM, Farman M, Citovsky V, Hogenhout SA, et al. (2007) pSITE vec-
tors for stable integration or transient expression of autofluorescent protein fusions in plants: probing
Nicotiana benthamiana-virus interactions. Mol Plant Microbe Interact 20: 740–750. PMID: 17601162

22. Goodin MM, Chakrabarty R, Banerjee R, Yelton S, Debolt S (2007) New gateways to discovery. Plant
Physiol 145: 1100–1109. PMID: 18056860

23. Dietzgen RG, Martin KM, Anderson G, Goodin MM (2012) In planta localization and interactions of Im-
patiens necrotic spot tospovirus proteins. J Gen Virol 93: 2490–2495. doi: 10.1099/vir.0.042515-0
PMID: 22837417

24. Bandyopadhyay A, Kopperud K, Anderson G, Martin K, Goodin M (2010) An integrated protein localiza-
tion and interaction map for Potato yellow dwarf virus, type species of the genus Nucleorhabdovirus. Vi-
rology 402: 61–71. doi: 10.1016/j.virol.2010.03.013 PMID: 20362316

25. Nelson BK, Cai X, Nebenfuhr A (2007) A multicolored set of in vivo organelle markers for co-localization
studies in Arabidopsis and other plants. Plant J 51: 1126–1136. PMID: 17666025

26. Goodin M, Yelton S, Ghosh D, Mathews S, Lesnaw J (2005) Live-cell imaging of rhabdovirus-induced
morphological changes in plant nuclear membranes. Mol Plant Microbe Interact 18: 703–709. PMID:
16042016

27. Hapiak M, Li Y, Agama K, Swade S, Okenka G, Falk J, et al. (2008) Cauliflower mosaic virus gene VI
product N-terminus contains regions involved in resistance-breakage, self-association and interactions
with movement protein. Virus Res 138: 119–129. doi: 10.1016/j.virusres.2008.09.002 PMID:
18851998

28. Li Y, Leisner SM (2002) Multiple domains within the Cauliflower mosaic virus gene VI product interact
with the full-length protein. Mol Plant Microbe Interact 15: 1050–1057. PMID: 12437303

29. Ausubel FM, Brent R, Kingston RE, Moore DD, Siedman JG, Smith JA, Struhl K (1993) Current proto-
cols in molecular biology. Greene Publishing Associates and JohnWiley & Sons, Inc., Cambridge,
MA, U.S.A.

30. Gyuris J, Golemis E, Chertkov H, Brent R (1993) Cdi1, a human G1 and S phase protein phosphatase
that associates with Cdk2. Cell 75: 791–803. PMID: 8242750

31. Raikhy G, Krause C, Leisner S (2011) The Dahlia mosaic virus gene VI product N-terminal region is in-
volved in self-association. Virus Res 159: 69–72. doi: 10.1016/j.virusres.2011.04.026 PMID:
21571015

32. Soellick T, Uhrig JF, Bucher GL, Kellmann JW, Schreier PH (2000) The movement protein NSm of To-
mato spotted wilt tospovirus (TSWV): RNA binding, interaction with the TSWVN protein, and identifica-
tion of interacting plant proteins. Proc Natl Acad Sci U S A 97: 2373–2378. PMID: 10688879

Iris yellow spot Protein Interactions

PLOS ONE | DOI:10.1371/journal.pone.0118973 March 17, 2015 15 / 16

http://www.ncbi.nlm.nih.gov/pubmed/12459466
http://www.ncbi.nlm.nih.gov/pubmed/12502849
http://dx.doi.org/10.1128/JVI.00079-14
http://www.ncbi.nlm.nih.gov/pubmed/15753307
http://dx.doi.org/10.1094/PHYTO.1998.88.12.1276
http://www.ncbi.nlm.nih.gov/pubmed/18944829
http://dx.doi.org/10.1002/14651858.CD003826.pub3
http://dx.doi.org/10.1002/14651858.CD003826.pub3
http://www.ncbi.nlm.nih.gov/pubmed/24030657
http://dx.doi.org/10.1111/j.1365-313X.2009.03850.x
http://www.ncbi.nlm.nih.gov/pubmed/19309457
http://www.ncbi.nlm.nih.gov/pubmed/17601162
http://www.ncbi.nlm.nih.gov/pubmed/18056860
http://dx.doi.org/10.1099/vir.0.042515-0
http://www.ncbi.nlm.nih.gov/pubmed/22837417
http://dx.doi.org/10.1016/j.virol.2010.03.013
http://www.ncbi.nlm.nih.gov/pubmed/20362316
http://www.ncbi.nlm.nih.gov/pubmed/17666025
http://www.ncbi.nlm.nih.gov/pubmed/16042016
http://dx.doi.org/10.1016/j.virusres.2008.09.002
http://www.ncbi.nlm.nih.gov/pubmed/18851998
http://www.ncbi.nlm.nih.gov/pubmed/12437303
http://www.ncbi.nlm.nih.gov/pubmed/8242750
http://dx.doi.org/10.1016/j.virusres.2011.04.026
http://www.ncbi.nlm.nih.gov/pubmed/21571015
http://www.ncbi.nlm.nih.gov/pubmed/10688879


33. Chiemsombat P, Adkins S (2006) Tospoviruses. G.P. Rao, P.L. Kumar, R.J. Holguin-Pena (Eds.),
Characterization, Diagnosis and Management of Plant Viruses, Vol. 3: Vegetable and Pulse Crops,
Studium Press, Texas, USA, pp. 1–37.

34. Silva MS, Martins CRF, Bezerra IC, Nagata T, de Ávila AC, Resende RO (2001) Sequence diversity of
NSMmovement protein of tospoviruses. Arch Virol 146: 1267–1281. PMID: 11556705

35. Snippe M, Borst JW, Goldbach R, Kormelink R (2005a) The use of fluorescence microscopy to visual-
ise homotypic interactions of Tomato spotted wilt virus nucleocapsid protein in living cells. J Virol Meth-
ods 125: 15–22. PMID: 15737412

36. Feng Z, Chen X, Bao Y, Dong J, Zhang Z, Tao X (2013) Nucleocapsid of Tomato spotted wilt tospo-
virus forms mobile particles that traffic on an actin/endoplasmic reticulum network driven by myosin XI-
K. New Phytologist 200: 1212–1224. doi: 10.1111/nph.12447 PMID: 24032608

37. Snippe M, Goldbach R, Kormelink R (2005b) Tomato spotted wilt virus particle assembly and the pros-
pects of fluorescence microscopy to study protein-protein interactions involved. Adv Virus Res 65: 63–
120. PMID: 16387194

38. Zilian E, Maiss E (2011) An optimized mRFP-based bimolecular fluorescence complementation system
for the detection of protein-protein interactions in planta. J Virol Methods 174: 158–165. doi: 10.1016/j.
jviromet.2011.03.032 PMID: 21473882

39. Paape M, Solovyev AG, Erokhina TN, Minina EA, Schepetilnikov MV, Lesemann DE, et al. (2006) At-4/
1, an interactor of the Tomato spotted wilt virusmovement protein, belongs to a new family of plant pro-
teins capable of directed intra- and intercellular trafficking. Mol Plant Microbe Interact 19: 874–883.
PMID: 16903353

40. Geerts-Dimitriadou C, Lu YY, Geertsema C, Goldbach R, Kormelink R (2012) Analysis of the Tomato
spotted wilt virus ambisense S RNA-encoded hairpin structure in translation. PLoS One 7: e31013.
doi: 10.1371/journal.pone.0031013 PMID: 22363535

41. Snippe M, Willem Borst J, Goldbach R, Kormelink R (2007) Tomato spotted wilt virusGc and N pro-
teins interact in vivo. Virology 357: 115–123. PMID: 16963098

42. Ribeiro D, Foresti O, Denecke J, Wellink J, Goldbach R, Kormelink R (2008) Tomato spotted wilt virus
glycoproteins induce the formation of endoplasmic reticulum- and Golgi-derived pleomorphic mem-
brane structures in plant cells. J Gen Virol 89: 1811–1818. doi: 10.1099/vir.0.2008/001164-0 PMID:
18632951

43. Ribeiro D, Jung M, Moling S, Borst JW, Goldbach R, Kormelink R (2013) The cytosolic nucleoprotein of
the plant-infecting bunyavirus Tomato Spotted Wilt recruits endoplasmic reticulum–resident proteins to
endoplasmic reticulum export sites. The Plant Cell Online 25: 3602–3614. doi: 10.1105/tpc.113.
114298 PMID: 24045023

Iris yellow spot Protein Interactions

PLOS ONE | DOI:10.1371/journal.pone.0118973 March 17, 2015 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/11556705
http://www.ncbi.nlm.nih.gov/pubmed/15737412
http://dx.doi.org/10.1111/nph.12447
http://www.ncbi.nlm.nih.gov/pubmed/24032608
http://www.ncbi.nlm.nih.gov/pubmed/16387194
http://dx.doi.org/10.1016/j.jviromet.2011.03.032
http://dx.doi.org/10.1016/j.jviromet.2011.03.032
http://www.ncbi.nlm.nih.gov/pubmed/21473882
http://www.ncbi.nlm.nih.gov/pubmed/16903353
http://dx.doi.org/10.1371/journal.pone.0031013
http://www.ncbi.nlm.nih.gov/pubmed/22363535
http://www.ncbi.nlm.nih.gov/pubmed/16963098
http://dx.doi.org/10.1099/vir.0.2008/001164-0
http://www.ncbi.nlm.nih.gov/pubmed/18632951
http://dx.doi.org/10.1105/tpc.113.114298
http://dx.doi.org/10.1105/tpc.113.114298
http://www.ncbi.nlm.nih.gov/pubmed/24045023


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


