
Barley yellow dwarf virus (BYDV) belongs to Luteovi-
rus and is limited only at phloem related tissues. An 
open reading frame (ORF) 4 of BYDV codes for the 
movement protein (MP) of BYDV gating plasmodes-
mata (PD) to facilitate virus movement. Like other 
Luteoviruses, ORF 4 of BYDV is embedded in the 
ORF3 but expressed from the different reading frame 
in leaky scanning manner. Although MP is a very 
important protein for systemic infection of BYDV, 
there was a little information. In this study, MP was 
characterized in terms of subcellular localization and 
programmed cell death (PCD). Gene of MP or its mu-
tant (ΔMP) was expressed by Agroinfiltration method. 
MP was clearly localized at the nucleus and the PD, 
but ΔMP which was deleted distal N-terminus of MP 
showed no localization to PD exhibited the different 
target with original MP. In addition to PD localization, 
MP appeared associated with small granules in cyto-
plasm whereas ΔMP did not. MP associated with PD 
and small granules induced PCD, but ΔMP showed no 
association with PD and small granules did not exhibit 
PCD. Based on this study, the distal N-terminal region 

within MP is seemingly responsible for the localiza-
tion of PD and the induction small granules and PCD 
induction. These results suggest that subcellular local-
ization of BYDV MP may modulate the PCD in Nico-
tiana benthamiana.
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Barley yellow dwarf virus (BYDV) has been known to a 
worldwide virus infecting grass species, including bar-
ley, wheat, rice, maize, and so on (Miller et al., 2002). It 
belongs to Luteovirus which is a positive sense single-
stranded RNA virus (Miller and Rasochová, 1997). Like 
other Luteovirus, BYDV is a type of phloem-limited vi-
ruses transmitted by aphids in circulative nonpropagative 
manner (Xu et al., 1994). 

Plant cells communicate each other to keep the normal 
life cycle by transporting in and out necessary materials 
through plasmodesmata (PD) found in plant system only 
(Ding, 1998). Water, ions, small metabolites, growth fac-
tors, and even marcromolecules including autonomous 
and nonautonomous protein can be transported to adjacent 
cells for local and long-distance movement (Citovsky and 
Zambryski, 1991; Lucas, 2006; Lucas and Lee, 2004). 
Movement of virus from cell to cell is a type of nonauto-
nomous movements during infection (Lucas, 2006; Lucas 
and Lee, 2004). Unlike an animal virus, plant virus move-
ment to adjacent cells occurs via the specialized intercel-
lular channels called PD (Lazarowitz and Beachy, 1999). 
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The size of PD’s micro-channel is about 3 nm in diameter 
whereas the smallest virus is about 10 nm in diameter 
(Ding, 1998; Ding et al., 1992). However, the size of a 
channel is too small to allow virus’ movement if there is 
no any other stimulative action on PD to be enlarged. 

Movement protein (MP) of a virus has been known to 
act as the regulator for PD gating (Deom et al., 1992).  
Thereby plant virus can move through this small chan-
nel (Lazarowitz and Beachy, 1999). In higher plants, this 
system involves in the trafficking of proteins and various 
forms of RNA that function non-cell-autonomously to af-
fect developmental processes.

ORF4 of BYDV encodes 17 kDa called MP (Nass et 
al., 1998). Like other Luteoviruses, the ORF4 expressed 
in leaky scanning manner is embedded in ORF3 which 
encodes 22 kDa call coat protein (CP) (Miller and Ras-
ochová, 1997). In addition to cell-to-cell movement, MP 
is required for systemic infection of BYDV in plants (Chay 
et al., 1996; Sambade et al., 2008). BYDV capsid is com-
posed of two forms of CP, the major P3 protein (ORF3) 
and the minor P3/P5 protein (ORF3 + ORF5) which is 
the product of a translational readthrough of P3 (Wang 
et al., 1995). Like P3/P5 in Polerovirus, that of BYDV is 
responsible for insect transmission and acts to facilitate 
long-distance virus movement in phloem tissue (Taliansky 
et al., 2003). From many cases, viral CP has been known 
to the factor triggering resistant responses of host plants 
against viral infection (Baulcombe et al., 1994; Beachy, 
1999; Bendahmane et al., 1995, 1997; Clark et al., 1995a, 
1995b; Deom et al., 1994; Lim et al., 1997; Osbourn et 
al., 1990).

In plants, programmed cell death (PCD) has been known 
as the essential elements for the plant development and 
can be local, systemic, micro, or macro (van Doorn and 
Woltering, 2005). Some elements of the defense response 
in plants may potentially be toxic to the plant cell re-
sulting in that they could induce directly cell death. The 
hyper sensitive response (HR) is a form of PCD often as-
sociated with plant responses to biotic or abiotic stresses 
(van Breusegem and Dat, 2006). Various plant pathogens 
act as agent for biotic stress against plants (Gechev et al., 
2006). When pathogens infect plants, they show several 
responses such as severe, mild or no disease symptom by 
host-pathogen interaction. These phenomena occur due 
to the plant evolution against the attack of plant pathogen 
(Dong, 1998; Govrin and Levine, 2000). PCD is one of 
mechanisms disease resistance as the result of the rapid 
development of cell death by perturbation of physiologi-
cal processes of plants, called HR (Agrios, 2006; Carr et 
al., 2010; Goodman and Novacky, 1994). Their evolutions 
have been occurred in various manners to avoid efficiently 
pathogens’ invasion resulting in less damage on plant sys-

tem or in no disease at all. The earliest changes observed 
following pathogen recognition are an oxidative burst, re-
sulting in the production of reactive oxygen species (ROS) 
and necrosis in that region (Baker and Orlandi, 1995; 
Levine et al., 1994; May et al., 1996). Common symptoms 
of virus infection to plant are chlorosis, retarded growth or 
stunting, and necrosis of the initial infection sites. Necro-
sis can often be seen in the vascular and cortical regions 
and phloem related tissues display necrosis in some virus-
host interaction. TGBp3 of Potato virus X (PVX) induced 
cell death in leaves of Nicotiana benthamiana (Ye et al., 
2011). Slows barley growth due to BYDV infection might 
be related to the death of phloem related cells (D’Arcy and 
Domier, 2000; Miller and Rasochová, 1997). The precise 
information is not available that BYDV causes PCD in 
phloem related tissues, or that BYDV infection induces 
real HR, a type of PCD. 

Therefore, this study was conducted to visualize the lo-
calization of the MP and to investigate the potential func-
tion of the MP in PCD, which might provide additional 
insights of MP’s role in figuring out all aspects of the 
BYDV life cycle. 

Materials and Methods

Cloning of BYDV CP and MP and MP’s mutant 
(ΔMP). Full-genomic BYDV was kindly provided by Dr. 
J. Y. Yoon from National Institute of Horticultural and 
Herbal Science (Jeonju, Korea). The V15 (pPZP-P35S-
3’PinII-Bar with spectinomycin resistant gene) vector 
was obtained from Dr. S. C. Park at National Academy 
of Agricultural Science (Jeonju, Korea) and modified to 
generate the pV15-RFP shown at Fig. 1A. The CP gene 
and MP gene of BYDV were introduced into the pV15-
RFP binary vector to construct pV15-CP:RFP and pV15-
MP:RFP (Fig. 1B). Before inserting CP and MP into the 
pV15-RFP, TA cloning was carried out using into pGEM-
T Easy vector. The coding sequences of CP and MP of 
BYDV were amplified by PCR, using the primer sets con-
taining XbaI sequence (Table 1). The XbaI-treated plas-
mids (pGEM-CP and pGEM-MP) was gel-purified and 
inserted into the XbaI site of V15-RFP to construct binary 
plasmid for agroinfection. Final clone was called pV15-
CP:RFP for CP or pV15-MP:RFP for MP (Fig. 1B). The 
pV15-CP:RFP or the pV15-MP:RFP was introduced into 
the Agrobacterium tumefaciens strain GV3101 and trans-
formed the A. tumefaciens was used to express the target 
gene at N. benthamiana, an experimental host used in this 
study. 

In order to study regarding the effect of the MP on 
PCD, the other binary plasmid vector, pPZP-P35TP–
LxAB (Fig. 1C) provided by Dr. Y. H. Lim at National 
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Academy of Agricultural Science (Jeonju, Korea), was 
used for cloning platform. In order to make the dele-
tion mutant (ΔMP:RFP) of MP:RFP, highly conserved 
sequences (QWLWS, SQST, SNSVPIY, PT, SQVS, L) 
of the amino acid (AA) of BYDV MP were identified by 
aligning multiple sequences of BYDV MP acquired from 
National Center for Biotechnology Information database 
using “Clustal Omega” Program to find important domain 
responsible for the PD trafficking in plants (Link et al., 

2011) (Fig. 2). The coding sequences of MP:RFP and of 
ΔMP:RFP were amplified by PCR from pV15-MP:RFP, 
using the primer sets containing SpeI sequence for the 
forward primer and SacI sequence for the reverse primer 
(Table 1). PCR fragment for ΔMP:RFP was created by 
deleting the nucleotides corresponding to AAs 1 to 55 
of MP (Fig. 1D). Constructs for agroinfection, pPZP-
MP:RFP and pPZP-ΔMP:RFP, were made by replacing 
the LxAB coding sequences between SpeI and SacI of 
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Fig. 1. The schematic maps of plas-
mid vectors used in this study for 
the transient expression of gene. 
(A) pV15-RFP is made by inserting 
RFP gene between XbaI and BamHI 
of pV15 (pPZP-P35S-3’PinII-Bar). 
(B) pV15-CP:RFP and -MP:RFP 
are modified plasmid vector at “A” 
by inserting coat protein (CP) and 
movement protein (MP) into XbaI 
site, respectively. (C) pPZP-P35TP–
LxAB used to make plasmid at 
“D”. (D) Plasmid vector to express 
Barley yellow dwarf virus (BYDV) 
MP and its mutant (ΔMP). MP is 
intact MP of BYDV, no mutation. 
The amino acids of MP from 1 to 55 
(dotted line) were deleted for ΔMP.
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D

pV15-RFP
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pPZP-MP/ MP�
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RB
XbaI

LB
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SpeI SacI
RB LB

2XP35S P35S Bar TnosP35SLxABTP

SpeI SacI

MP

�MP

1 56 153
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2XP35S P35S Bar TnosP35SRFP
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Table 1. Primer sets used for cloning of coat protein (CP), movement protein (MP), and deletion mutant of MP (ΔMP)

Vector Construct Primer name Sequence 5′-3′

V15 CP XbaI-BYDV CP For GCTCTAGAATGAATTCAGTAGGC
BYDV CP-XbaI Rev GCTCTAGATTTGGCCGTCATCAA

MP XbaI-BYDV MP For GCTCTAGAATGGCACAAGAAGGA
BYDV MP-XbaI Rev GCTCTAGACTATCGTTGATTCCT

pPZP-P35TP–LxAB MP SpeI-BYDV MP For GACTAGTATGGCACAAGAAGGAGGCG
RFP-SacI Rev CGAGCTCCTTGTACAGCTCGTCCATG

ΔMP SpeI-delMP For GACTAGTACCTTAAAGCCAACTCTTCCG
RFP-SacI Rev CGAGCTCCTTGTACAGCTCGTCCATG

The enzyme sites, XbaI, SpeI, and SacI were underlined.
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pPZP-P35TP–LxAB with PCR products digested with 
restriction enzymes and gel purified MP and its deletion 
mutant, respectively (Fig. 1C, D).

Agrobacterium inoculation in N. benthamiana leaves 
by Agroinfiltration. The leaves of the N. benthamiana 
were infiltrated with A. tumefaciens based on the previous 
method (Bendahmane et al., 2000) with a little modifica-
tion. For Agroinfiltration, A. tumefaciens harboring a gene 
encoding the interesting protein was overnight-cultured 
in 10 ml of LB liquid medium containing spectinomycin 
(100 mg/l) in the shaking incubator with 250 rpm at 28ºC. 
Bacterial cells were harvested by centrifugation at 2,000g 
for 20 min and washed two times with 25 ml of ddH2O. 
Then, bacterial pellet were resuspended to an OD600 of 
0.4 in infiltration buffer (10 mM MgCl2, 10 mM MES, 20 
mM glucose, pH 5.6). In order to promote gene expres-
sion, 200 μM of acetosyringone in final concentration 
was added into infiltration buffer prior to use (Goodin et 
al., 2002). A. tumefaciens harboring a gene encoding the 
interesting protein was infiltrated into leaves of 4-week-
old N. benthamiana of using a 1 ml syringe. After Agroin-
filtration, N. benthamiana plants were maintained at 25ºC 
for transient gene expression.

Subcellular localization of viral proteins within the 
leaf cells of N. benthamiana. In order to visualize subcel-
lular localization of each viral protein, an epifluorescence 
microscope (MoticamPro 205A; Motic, Xiamen, China) 
and confocal microscope (SP8 X; Leica, Wetzlar, Ger-

many) were used at approximately 40 h post-infiltration 
with Agrobacterium containing binary plasmid to express 
corresponding proteins, RFP, CP:RFP, MP:RFP and 
ΔMP:RFP. Images were taken using the epifluorescence 
microscope and the confocal microscope equipped with 
Active Measure (Shinhan Scientific Optics, Seoul, Korea) 
and Leica Application Suite X (Leica), respectively. All 
subsequent image manipulations and figure processing 
were carried out using Photoshop 5.0 (Adobe Systems, 
San Jose, CA, USA).

Plant preparation for programmed cell death as-
say and diaminobenzidine staining. To determine the 
optimum density of Agrobacterium cell to induce PCD, 
OD600 value of bacterium cell was resuspended to 0, 0.2, 
0.4, 0.6, 0.8, and 1.0 with infiltration buffer. If there is 
no mention on Agrobacterium cell density, it means that 
OD600 is 0.4.

To test a gradual change of HR, each leaf was infiltrated 
with Agrobacterium containing each construction at dif-
ferent time points and maintained at 25oC. An experiment 
was conducted to verify the effect of light on PCD. Each 
plant with leaf infiltrated with Agrobacterium containing 
each construction was placed on the light of dark condi-
tion for 48 h.

Diaminobenzidine (DAB) staining method was em-
ployed to visualize ROS generated by dead cells. DAB 
staining was carried out based on previous research done 
by Wong’s group (Tran et al., 2014; Wong et al., 2007) 
with little modifications. Briefly, leaves agroinfiltrated 
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Fig. 2. Sequence alignment of move-
ment proteins (MPs) of differ ent 
Barley yellow dwarf virus (BYDV) 
strains. Highly conserved ami no acid 
sequences of MP were iden tified 
by aligning multiple sequences of 
BYDV MP acquired from National 
Center for Biotechnology Informa-
tion database using “Clustal Omega” 
Program (http://www.ebi.ac.uk/
Tools/msa/clustalo/). Conserved 
sequence regions of MPs of BYDV 
strains are highlighted with differ-
ent colors. Asterisks indicate BYDV 
strain used in this study.
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were placed in petridish and incubated in solution con-
taining 1 mg/ml of DAB made with PBS buffer (pH 7.2) 
for 3 h. Then 95% ethanol was applied to the leaves at 
65oC for overnight to bleach chlorophyll out. The stained 
leaves were digitalized using the camera built in cellular 
phone (Galaxy Note 4; Samsung, Seoul, Korea). 

Measurement of ion leakage. Ion leakage from leaf discs 
was measured to examine the occurrence of cell death as 
used previously by Rizhsky et al. (2004) with a little mod-
ification. Five discs of leaves (9 mm in diameter) were 
placed in ddH2O for 5 min to eliminate ion leakage owing 
to injury. All leaf discs for each treatment were transferred 
into a 50 ml tube with 35 ml of ddH2O and incubated for 
3 h at room temperature. Then, the conductivity of the 
fluid was measured with a conductivity meter considering 
this conductivity as value A. After the leaf discs were then 
returned back to the fluid in the 50 ml tube and incubated 
at 65oC overnight, the tubes were kept at room tempera-
ture to cool down to measure the conductivity of the fluid. 
This second measurement of conductivity was referred to 
as value B. Ion leakage for each sample was calculated 
and expressed by as a percentage; 

(value A of sample − value A of water) ÷ (value B of 
sample – value B of water) × 100.

Results

Subcellular localization of coat protein and move-
ment protein. Epifluorescence microscope was used to 
visualize the subcellular localization of RFP, CP:RFP, 
and MP:RFP in an epidermal cell of N. benthamiana leaf. 
When RFP was expressed within leaf cells of N. ben-
thamiana by Agroinfiltration to observe the RFP local-
ization, RFP was localized at the nucleus (white arrows) 
and the cytoplasm (blue arrowhead) (Fig. 3B). CP:RFP 
(Fig. 3C) showed the similar subcellular localization with 
the pattern of the RFP localization (Fig. 3B) exhibiting 
red fluorescence at the nucleus (white arrows) and the 
cytoplasm (blue arrowheads). However, fluorescent uni-
formity of CP:RFP (Fig. 3C) differed from that of RFP 
(Fig. 3B). RFP (Fig. 3B) expressed the similar brightness 
for the nucleus and the cytoplasm, whereas CP:RFP (Fig. 
3C) exhibited stronger red fluorescence signals at the 
nucleus than those at the cytoplasm. Although it was not 
very clear, it seemed that CP:RFP was rarely localized at 
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Fig. 3. Observation of subcellular 
localization of CP:RFP and MP:RFP 
in the leaf cell of the Nicotiana ben-
thamiana under an epifluorescence 
microscope. (A) Negative control 
(buffer infiltrated leaf). (B) RFP 
expressing in leaf cells. (C) CP:RFP 
expressing in leaf cells. (D) MP:RFP 
expressing in leaf cells. Blue arrow-
heads, white arrowheads, and white 
arrows indicate cytoplasm, plas-
modesmata, and nucleus, respective-
ly. CP, coat protein; MP, movement 
protein.

A B

C D
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the PD (white arrowhead) (Fig. 3C). MP:RFP (Fig. 3D) 
showed the totally different pattern of the subcellular 
localization compared with the localization of RFP and 
CP:RFP. RFP and CP:RFP were mainly exhibited red 
fluorescence at the nucleus (white arrows) and the cyto-
plasm (blue arrowheads) (Fig. 3B, C) but the red fluores-
cent signals by the expression of MP:RFP were mainly 
at the nucleus (Fig. 3D, white arrows) and the PD (Fig. 

3D, white arrowheads) with a little red fluorescent back-
ground. The patterns of fluorescent signals owing to ex-
pression of MP:RFP in cell showed less nucleus localiza-
tion and more distinct PD localization (data not shown).

Subcellular localization of MP:RFP and its deletion 
mutant, ΔMP:RFP. Since there was clear MP:RFP local-
ization at PD (Fig. 3D), an experiment was carried out in 
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Fig. 4. Confocal microscopy of 
subcellular localization of move-
ment protein (MP) and its deletion 
mutation (ΔMP) in leaf’s cell of 
Nicotiana benthamiana. (A) Nega-
tive control (buffer treated leaf). (B) 
RFP expressing in leaf cells. (C) 
MP:RFP expressing in leaf cells. (D) 
ΔMP:RFP expressing in leaf cells. 
White arrowheads, white arrows, 
blue arrowheads, and blue arrow in-
dicate nucleus, plasmodesmata, un-
identified vesicle, and cytoplasmic 
stream, respectively. Image in the 
white box of each panel (C-1, C-2, 
D-1) was magnified to highlight.

A B

C

D

C-1 C-2

D-1

C-1

C-2

D-1
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order to examine the effect of the MP mutation on the PD 
targeting. MP:RFP and its mutant were expressed in leaf’s 
epidermal cell of N. benthamiana and N. tabacum by 
Agroinfiltration and then observed their expression pat-
terns through laser confocal microscope (Fig. 4). In cells 
expressing RFP, red fluorescence was mainly observed 
at the cytoplasm and at the nucleus as expected from 
other experiment shown at Fig. 3B (Fig. 4B). Mutation 
of MP:RFP, ΔMP:RFP, showed different subcellular lo-
calization compared to that of MP:RFP. MP:RFP showed 
clear localization at the nuclear (white arrowhead) (Fig. 
4C-1) and at the PD (white arrows) (Fig. 4C-2). There 
were also many red fluorescent small granular vesicles 
(blue arrowheads) within a cell expressing MP:RFP (Fig. 
4C-1). However, the fluorescence from cells expressing 
the ΔMP:RFP was more similar with that of RFP with a 
little different pattern showing the targeting nucleus (white 
arrowhead) (Fig. 4D) and the cytoplasmic pattern/stream-
ing (blue arrow) (Fig. 4D-1) by exhibiting red fluores-
cence along with endoplasmic reticulum (ER) from cells 

expressing ΔMP:RFP (Fig. 4D, D-1).

Movement protein induces programmed-cell death. It 
has been known that viral protein induces PCD which is 
one of defense mechanisms. However, there was no clear 
information how BYDV involves in PCD. It, therefore, 
thought that it was worthy to find the viral protein related 
to PCD. In this experiment, two viral proteins, CP and 
MP, were tested whether they involve in PCD. 

N. benthamiana and N. tabaccum were infiltrated with 
Agrobacterium with binary vector containing gene of 
RFP, CP:RFP, or MP:RFP. When N. benthamiana and N. 
tabaccum were observed at 48 h after Agroinfiltration to 
express each protein mentioned above. N. benthamiana 
(Fig. 5A, B) and N. tabaccum (Fig. 5D, E) showed similar 
responses on PCD phenomenon. For both species, PCD 
was observed only from the region expressing MP:RFP 
but no PCD were observed from area expressing RFP or 
CP:RFP. 

DAB staining experiment was conducted using the 
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Fig. 5. Appearance of leaf showing programmed cell death by expressing the viral protein fused to RFP and diaminobenzidine (DAB) 
stained leaf. Viral protein is designate in yellow circles on each leaf. (A–C) Nicotiana benthamiana. (D, E) N. tabaccum. (B) Ap-
pearance of leaf “A” at 48 h after Agroinfiltration. (C) DAB stained leaf shown at “B”. Cell death area is indicated in dotted line. MP, 
movement protein; CP, coat protein.
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same leaf of N. benthamiana shown at Fig. 5B for the 
indirect visualization of ROS which led PCD (Fig. 5C). 
It showed that region of leaf expressing MP:RFP was 
stained by DAB but there was no stain at the region ex-
pressing RFP or CP:RFP and at mock inoculated area , 
indicating MP:RFP induced PCD.

MP:RFP cloned into V15 vector and into pPZP vec-
tor were expressed in order to examine the effect of type 
of vector. Although pPZP expression system displayed a 
little more dark DAB stain than V15 system, it was clear 
that MR:RFP expressed from both vector system induced 
PCD at N. benthamiana and N. tabaccum, indicating there 
was seemingly no plasmid effect on PCD development 
(Fig. 5B, C, E).

Programmed cell death dependent on the expression 
level of movement protein fused to RFP, MP:RFP. 
Since it was clear that MP involved in PCD, the further 
systemic experiment was conducted to determine mini-
mal concentration of the Agrobacterium driving PCD. 
Agrobacterium harboring binary plasmid vector contain-
ing gene to express MP:RFP was suspended with infiltra-
tion buffer to prepare 5 different concentrations based on 
by adjusting optical densities, 0.2, 0.4, 0.6, 0.8, and 1.0. 
These five mixtures were applied to the same leaf of two 
different species by infiltration (Fig. 6). Mock infiltration 
was carried out for negative control. Mock inoculated 
area on the leaf of N. benthamiana and N. tabaccum 
did not show any PCD sign. There was no PCD at the 
inoculated area with Agrobacterium expressing RFP, 
regardless of optical density and species (Fig. 6). PCD 
was observed at leaf inoculated with Agrobacterium to 

express MP:RFP. PCD at N. benthamiana was weakly ob-
served when Agrobacterium mixture with 0.2 in OD600 
was applied (Fig. 6A). It was not easy to ascertain PCD 
without DAB staining. By DAB staining, PCD sign was 
clearly displayed from N. benthamiana infiltrated with 
Agrobacterium with 0.2 in OD600 (Fig. 6B). When more 
Agrobacterium, such as 0.4, 0.6, 0.8, and 1.0 in OD600, 
was used, PCD sign was observed from N. benthamiana 
even without DAB staining. Similar results were acquired 
from an experiment conducted with N. tabaccum, show-
ing clear PCD sing at the region inoculated with Agro-
bacterium with 0.4, 0.6, 0.8, and 1.0 in OD600 (Fig. 6C). 
Based on these combined results, there was no big differ-
ence for PCD sign at more than 0.4 in OD600. Therefore, 
Agrobacterium was adjusted to 0.4 in OD600 for other 
experiments.

Important role of the distal end of N-terminal region 
of movement protein in programmed cell death. It has 
been reported the importance of the N-terminal domain 
involving in self-interaction (Xia et al., 2012). Therefore, 
it hypothesized the N-terminal domain of MP might be 
related to PCD. To determine the role of the N-terminal 
domain of MP on PCD, the ΔMP:RFP not containing the 
distal end of the N-terminal region of MP, was used. Con-
trol (buffer filtrated), RFP, MP:RFP (WT), and ΔMP:RFP 
were expressed by Agroinfiltration into the leaf of the N. 
benthamiana (Fig. 7B) and into the leaf of the N. tabac-
cum (Fig. 7E). 

Like control and RFP used as negative controls, the 
ΔMP exhibited no PCD from the leaf of the N. benthami-
ana and from the leaf of the N. tabaccum (Fig. 7B, E). 
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Fig. 6. Physical appearance according to the different concentrations of Agrobacterium to express movement protein. (A, B) Nico-
tiana benthamiana. (C) N. tabaccum. (A, C) Physical appearance of leaf at 48 h after Agroinfiltration. (B) Physical appearance of leaf 
“A” which was applied diaminobenzidine (DAB) staining. The left side of each leaf, was infiltrated with RFP and the right side was 
infiltrated with MP:RFP (WT). Concentration of Agrobacterium was adjusted based on optical density at 600 nm (OD600 = 0.2, 0.4, 0.6, 
0.8, 1.0 and C [buffer infiltrated as negative control]). MP, movement protein.
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However, leaves of the N. benthamiana and the N. tabac-
cum which were expressed MP:RFP showed distinct PCD 
(Fig. 7B, E). Since ion leakage is usually linked to ROS 
and PCD, ion leakage was measured to confirm that MP-
induced PCD at leaves of N. benthamiana. Leaf disks 
obtained from mock-, RFP-, and ΔMP:RFP-expressing N. 
benthamiana did not showed significant increases in ion 
leakage after 48 h infiltration (Fig. 8). In contrast, sample 
acquired from MP:RFP expressing N. benthamiana dis-
played increased in ion leakage after 48 h infiltration (Fig. 
8).

These combined results indicate that the distal end of N-
terminal region MP might be essential for initiating PCD 
from two plant species used in this study. DAB stained N. 
benthamiana also showed the same result with clear PCD 
at 48 h after argoinfiltration to express MP:RFP (Fig. 7C).
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Fig. 7. Appearance of leaves expressing MP:RFP and its mutant according to different time. On each leaf, the upper left side, the low-
er left side, the upper right side and the lower right side are expressing no protein (as negative control [buffer infiltrated]), MP:RFP 
(WT), ΔMP:RFP, and RFP, respectively. (A–C) Nicotiana benthamiana leaves. (C) Physical appearance of leaf “B” which was ap-
plied diaminobenzidine (DAB) staining. (D, E) N. tabaccum leaves. Cont., control; MP, movement protein.
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Discussion

Plant cells communicate each other to keep the normal 
life cycle by transporting in and out necessary materials 
through PDs, a special structure located between cells, 
found in plant system only (Ding, 1998). In addition to 
their fundamental function in transport of intrinsic me-
tabolites, PDs function as special pathway for cell-to-
cell movement in virus spreading at infected tissue (Chen 
et al., 2000). Virus-encoded MPs mediate cell-to-cell 
movement of plant virus and are a critical factor in the 
interactions between plant viruses and their plant hosts 
for the successful systemic infection (Cruz et al., 1998). 
MP function for the cell-to-cell and localization to PD 
have been reported for many viruses, Apple chlorotic 
leaf spot virus, Cucumber mosaic virus, Potato leaf roll 
virus (PLRV), PVX, Rice dwarf virus, Rice stripe virus, 
Tobacco mosaic virus (TMV), and so on (Chen et al., 
2000; Cruz et al., 1998; Itaya et al., 1997; Li et al., 2004; 
Satoh et al., 2000; Schmitz et al., 1997; Vogel et al., 2007; 
Xiong et al., 2008). Although it has been known that MP 
plays a key role in virus movement and localized at PD, 
interestingly there was no report that BYDV MP localizes 
at PD.

Nass et al. (1998) showed that MP of BYDV was lo-
calized in the cytoplasm and nucleus associating with a 
filamentous material. Although they failed to show the 
PD localization of BYDV- MP from the in situ immuno-
localization assays, mentioning that MP association with 
PD was overlooked by cell disruption from the cytologi-
cal change induced by BYDV, they still believed that 
BYDV MP would be localized at PD in order to facilitate 
PD gating like MP of other plant viruses. To eliminate 
cell disruption induced by full-genomic BYDV infection, 
only RFP fused MP (MP:RFP) was expressed transiently 
in N. benthamiana plants. MP localization to the nucleus 
was supported by Nass et al. (1998). In addition, although 
they fail to detect MP at PD (Nass et al., 1998), we are 
able to detect MP localization to PD. This contradictory 
observation is not surprised because of different experi-
ment system. They expressed MP from full-length BYDV 
whereas we expressed MP only. The other different target-
ing compared to the previous report was MP distribution 
through cytoplasm. Nass et al. (1998) reported that MP 
was also clearly observed at the cytoplasm but there was 
no clear cytoplasmic localization of MP from this study. 
It is possible that BYDV MP interaction with viral RNA 
replicated in cytoplasm might be inhibited the MP traf-
ficking to PD when MP was expressed from full-genomic 
BYDV.

CP:RFP was mainly detected at the nucleus and at the 

cytoplasm (Fig. 3C). This result was supported by the 
previous report by Nass et al. (1995). Since BYDV be-
longs to the similar group with PLRV, BYDV CP local-
ization to nucleolus also was expected based on the report 
by Haupt et al. (2005). From in this study, however, the 
CP of BYDV localized at the nucleus but not at nucleoli. 
Although there was the different result with expected one, 
it is not surprising because these two viruses are not the 
same. In addition to this difference, there was the other 
difference compared to localization of PLRV CP which 
was not detected from the PD (Haupt et al., 2005). How-
ever, in the case of BYDV, CP:RFP was detected at PD 
indicating CP localization to PD (Fig. 3C) even it was not 
many compared to MP (Fig. 3D). It is worth to note that 
many plant viruses require CP in addition to MP for cell-
to-cell or for long-distance communication (Dolja et al., 
1995; Yang et al., 2000), providing a rationale for the pos-
sibility of CP’s localizing at PD.

The ΔMP:RFP lack of distal N-terminal region of MP 
was made to define the important region of MP:RFP for 
PD targeting (Fig. 1). The deletion mutant showed differ-
ent subcellular localizations shown from MP:RFP (Fig. 
4C, D). The ΔMP:RFP lost PD localization and exhibit 
red fluorescence at ER (Fig. 4C, D). In addition, while 
red small granules appeared in cell where MP:RFP was 
expressed (Fig. 4C-1, blue arrowheads), red small gran-
ules granules were not detected from the cell expressing 
ΔMP:RFP (Fig. 4D). These results combined all may 
indicates that distal N-terminal region may be the signifi-
cant key region for the PD trafficking and small granu-
lar targeting. Previous researches conducted with full-
genomic BYDV by Nass et al. (1995, 1998) support the 
formation of small granules by MP:RFP.

When BYDV infect barley plant showed slow growth 
which might be from the death of phloem cells (D’Arcy 
and Domier, 2000). It has been known that PCD is the 
essential process of cell death which is a response to 
changes occurred internally, externally, or both during de-
velopment for the normal life (Dat et al., 2000; Fink and 
Cookson, 2005; Greenberg, 1997; Sager and Lee, 2014). 
Although oxygen is required for plant’s aerobic life, it 
is the origin of toxic byproducts called ROS generated 
through general metabolism pathways such as photosyn-
thesis, photorespiration, and respiration in subcellular 
organelles including chloroplasts, mitochondria, and 
peroxisomes (Apel and Hirt, 2004; Gill and Tuteja, 2010; 
Guan et al., 2000; Kwon et al., 2002; Xiong et al., 2002). 
Since the level of ROS increase because of many kinds of 
environmental stresses such as oxygen deprivation, tem-
perature, high light intensity and others resulting in PCD 
(Apel and Hirt, 2004; Blokhina et al., 2003; Jiang and 
Zhang, 2002), ROS has been used as an indicator of PCD. 
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Visualization of ROS production by DAB staining and 
the ion leakage measurement have been used for PCD 
indicator (Tran et al., 2014). In this study, we were able to 
correlate PCD with the DAB staining and the ion leakage 
(Fig. 7, 8).

It has been known PCD is well known common de-
fense mechanism used by plants against infecting plant 
viruses to inhibit the systemic infection of viruses (Carr 
et al., 2010). It is common that CP functions as an elicitor 
of host defense mechanism initiating HR that causes ne-
crosis and PCD at virus infection sites (Carr et al., 2010; 
Tran et al., 2014) in virus and host-pspecific manner for 
TMV (Berzal-Herranz et al., 1995; Culver and Dawson, 
1991; Komatsu et al., 2010). However, interestingly, dur-
ing conducting the experiment to investigate the subcel-
lular localization of MP and CP (Fig. 5), PCD phenomena 
were observed from the N. benthamiana and N. tabaccum 
leaves infiltrated with Agrobacterium to express MP:RFP 
but plants expressing ΔMP:RFP or expressing CP:RFP 
did not show. It seemed that intact MP:RFP was responsi-
ble for PCD but CP did not involve in PCD. To clarify the 
observation, a separate set of experiments was conducted 
for PCD study (Fig. 5–8).

The concentration of Agrobacterium has been consid-
ered as an important factor when researchers transiently 
express interesting proteins through Agroinfiltration. 
The result of the optimization experiment was seemingly 
agreed with previous studies (Amoah et al., 2001; Hosein 
et al., 2012; Kwon et al., 2002; Tran et al., 2014). Many 
previous studies revealed that OD600 values, an indica-
tion of the concentration of Agrobacterium, from 0.5 to 
1.0 displayed the best experimental result (Amoah et al., 
2001; Hosein et al., 2012; Tran et al., 2014; Wydro et 
al., 2006). As the OD600 values induced PCD/HR were 
between 0.4 and 1.0, minimum optical density inducing 
distinct PCD was determined to 0.4 and used for rest ex-
periment to minimize side effect which might occur by 
use of high concentration of Agrobacterium.

As mentioned above, red fluorescence was associated 
with many PD and many small vesicles when MP:RFP 
was expressed in cells of N. benthamiana, whereas red 
fluorescence was no association with PD and with small 
vesicles when ΔMP:RFP was expressed in cells of N. 
benthamiana. Interestingly, MP:RFP localized to PD and 
small granules showed PCD phenomenon but no PCD for 
ΔMP:RFP with different targeting compared to MP:RFP, 
suggesting that modulation of the protein localization 
linked to the change of physiological functions within 
cells against viral protein expression. It is not surprising 
that mutation regulates host-pathogen interaction via al-
tering protein trafficking. As reported by Ju et al. (2007), 
mutation of viral protein alters subcellular localization 

resulting in inhibiting virus infection. Deletion mutations 
of PVX TGBp2 in the central region eliminated the for-
mation capability of small granular vesicles which was 
typical for PVX TGBp2 was expressed and also inhibited 
virus movement.

The study results combined all together may suggest 
that localization of BYDV MP modulates PCD or these 
two events are highly linked to the development of dis-
ease resistance.
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