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Chapter 1 Introduction

In modern biology, the genetically programmed death of cells (PCD) is considered as
a fundamental process of life. It is a process activated and actuated by cell itself and
is well organized at genetic and biochemical levels [1]. In plant, cells and tissues
undergo various types of cell death in several aspects of plant life [1]. Flower
development is radically affected by PCD of selected cells or groups of cells [2]. At
early stage of flower development, male and female flowers are indistinguishable.
During flower formation, at a developmental stage that varies with plant species,
either male or female parts cease growing and are eliminated via a cell death program.
Senescence is a highly regulated process for maximum recovery of nutrients from the
senescing tissues, in which metabolic pathways are changed through PCD [3].
Besides of plant growth and development, cell death also plays a crucial role in plant
response to adverse environmental stimulations [4].

Cell death in virus-infected plants is a critical event for survival of virus because
virus multiplication completely depends on host cell metabolism. The role of cell
death in virus-host plant interaction is a pending issue that has been discussed for a
long term [5-9]. Backing to 1923, a study on a plant invaded by a pathogen, that was
the first study to introduce the concept of PCD as a process activated by plants to
defend themselves against the infection of pathogens [10]. According to Barlow’s
opinion that if cells die at a predictable time and location, or if the death has some
beneficial effect on tissue differentiation and is inherited in the next generation, this
cell death will be classified as programmed cell death [11,12]. This definition
excluded necrosis as cell death due to accidental or random injury such as exposure
to some toxins or a lethal temperature. However, history has revealed that necrosis in
many plant processes is programmed and meets many or all of Barlow’s criteria [12].
Thus, programmed cell death resulting from symptom formation in incompatible
interactions between viruses and plants has been described as necrotic local lesions,
and that in compatible interactions was described as necrotic cell death [13,14]. The
necrotic local lesions developed at primary viral infection sites on host plants that
carry nucleotide-binding and leucine-rich repeat (NB-LRR) class R protein-coding
virus resistance (R) genes, has been thoroughly analyzed. Furthermore, this kind of
cell death has long been recognized as a hallmark of the hypersensitive response (HR)
and R protein-mediated resistance to viruses [10,15-17]. Thus, the cell death, which
developed at necrotic local lesions, has been named as HR cell death and well
characterized [10,18-20].

Since HR cell death is critical to virus multiplication, the further spread of the
virus into living cells surrounding necrotic local lesions should be prevented.
However, virus still can move into the living cells surrounding necrotic local lesions
[21-24]. Thus, the role of HR cell death in virus resistance remains to be explained.
Meanwhile, in comparison with HR cell death, necrotic cell death seems to be poorly
understood. Especially it remains unclear if necrotic cell death resulted from
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non-specific damages to host cells caused by virus infection, rather than as a form of
programmed cell death. To address this issue, we focused on cucumber mosaic virus
(CMV), which is one of the best characterized tripartite single-strand positive-sense
RNA viruses [25]. In analyzing the host response to a series of reassortant viruses
between two CMYV strains with different virulence in Arabidopsis thaliana, we
discovered that cell death occurred in virus- inoculated leaves of A. thaliana ecotype
Col-0. In this study, the feature of the cell death was analyzed by comparison with
HR cell death in chapter 2, and then the viral determinant region in CMV genomes
for the induction of the cell death was analyzed in chapter 3. Finally, the differences
and similarities between the cell death, which was studied in this study, and other
well-characterized cell death including HR cell death were discussed in chapter 4.

Chapter 2 ldentification of necrotic cell death induced in CMV
inoculated Arabidopsis thaliana

Part 1 Response of Arabidopsis thaliana ecotype Col-0 to a series of
reassortant CMVs

A series of reassortant viruses was produced between CMV(Y) and CMV(H)
(Figure 1). The reassortant CMVs containing CMV(H) RNAl: CMV(HHY),
CMV(HYY) and CMV(HYH) were identified with an ability of inducing a cell death
in the inoculated leaves of Col-0 at 5 days post-inoculation (dpi) (Figure 2A),
whereas HR cell death (necrotic local lesions) was induced in CMV(Y)- inoculated
leaves of RCY1-transformed Col-0 (Col::RCY1) at 3 dpi (Figure 2C). These results
indicated that CMV(H) RNA1 might determine to induce the cell death in reassortant
CMV-inoculated leaves through its interaction with CMV(Y) RNA2 or CMV(Y)
RNA3. Further, the accumulation of the coat protein of CMV(HHY), CMV(HYY)
and CMV(HYH) in virus-inoculated Col-0 leaves was detected at a similar level to
the other CMVs which do not have the ability of the cell death induction (Figure
2B). Furthermore, comparison of the intensity of the norther blot analysis bands of
CMV RNAI1, RNA2 and RNA3 among the leaves inoculated with eight CMVs
[CMV(H), CMV(Y) or one of six reassortant CMVs] suggests that there is no
significant correlation between the induction of cell death and the accumulated
level of CMV RNAs or the ratio of CMV RNAI, RNA2 and RNA3 (Figure 3).
These results indicate that the cell death developing on the leaves inoculated with
reassortant CMV carrying CMV(H) RNA1, seems to not suppress virus replication
but allows it to multiply at the same level as with a susceptible interaction.

The spread of the virus was restricted to the CMV(Y)-inoculated leaves
accompanying the development of HR cell death (Figure 4A). However, the
reassortant CMV(HYY) spread around the whole plants and provoke systemic
stunting and weak yellowing symptoms in non-inoculated upper leaves of Col-0
(Figure 4A and 4B). These results indicated that reassortant CMV carrying CMV(H)
RNAT1 together with CMV(Y) RNA2 and RNA3 could induce the non-HR cell death

237



only in inoculated Col-0 leaves, however, it did not suppress the virus multiplication
or systemic spread to non-inoculated upper leaves of Col-O0.

Part 2 Comparison of global gene expression pattern between two
types of cell death in CMV-inoculated leaves of A. thaliana.

To further characterize the cell death in CMV-inoculated Col-0 leaves, global
gene expression patterns were compared by RNA-Seq between CMV(HYY)-
inoculated Col-0 leaves showing the non-HR cell death and CMV(Y)-inoculated
Col::RCY1 leaves showing HR cell death. Differentially expressed genes (DEGs)
were analyzed by DEseq2. The number of genes for which transcript expression
increased >4-fold or decreased <0.25-fold in CMV(Y)-inoculated Col::RCY1
leaves showing HR cell death was much greater than that in
CMV(HYY)-inoculated Col-0 leaves showing non-HR cell death (Figure 5).
Furthermore, the gene ontology enrichment analysis of the DEGs also indicated a
difference between non-HR cell death and HR cell death. Therefore, non-HR cell
death observed in CMV(HYY)-inoculated Col-0 leaves might be a form of necrotic
cell death that does not contribute to the resistance to CMV and is different from
HR cell death.

Part 3 Response of A. thaliana ecotypes to CMV(HYY)

When 94 ecotypes of A. thaliana were inoculated with CMV(HYY), necrotic
cell death was induced in inoculated leaves of 92 ecotypes, but not observed in
ecotypes Mt-0 and Stw-0 at 14 dpi under both bright field and with trypan-blue
staining (Figure 6A and 6B). The CMV coat protein was detected in
CMV(HYY)-inoculated Mt-0 and Stw-0 at similar levels compared with the
virus-inoculated leaves of the other ecotypes (Figure 6C). Thus, A. thaliana ecotypes
appear to generally develop necrotic cell death in response to CMV(HYY).

Part 4 Discussion of Chapter 2

Recently, evidence is accumulating that systemic necrosis, which was thought
to be symptoms in compatible interaction between virus and host plant, may be result
from the induction of HR cell death with incomplete restriction of virus spread in
host plants [26-31]. The lethal systemic cell death might have been caused by
delayed HR cell death and escape of the virus to distant tissues [27,32]. This
phenomenon indicates that virus-induced systemic necrosis could be the result of
incompatible interactions between host plants carrying R genes and avirulent strains
of virus that lead to runaway cell death. On the other hand, necrotic cell death in
CMV(HYY)-inoculated Col-0 leaves did not develop systemically, even though the
virus particles did systemically spread to non-inoculated upper leaves of Col-0
plants (Figure 3A). The fact further indicates that necrotic cell death developed in
CMV(HYY)-inoculated Col-0 leaves, might be a symptom of a compatible
interaction between A. thaliana Col-0 and CMV, but not a resistance response to
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CMV. Furthermore, such phenomenon that different symptoms developing in
inoculated and non-inoculated leaves could also be observed in HRT carrying
Arabidopsis and turnip crinkle virus (TCV) interactions, tobacco cultivar Taiyan8
and CMV interaction, and potato and potato virus Y (PVY) interactions [33-36]. And
in studies of potato and PVY interactions, the expression pattern of miRNA/mRNA
were altered differently in the inoculated and non-inoculated upper leaves and the
metabolic responses to PVY infection were less intensive in non-inoculated leaves
compared to inoculated leaves [36]. Therefore, more researches were needed to
analyze the disease development in Col-0 and CMV(HYY) interaction through
detailly study of the symptom development in both inoculated and non-inoculated
leaves with biochemical and genetical methods.

Chapter 3 Analysis of the determinant region in CMV RNA1 for
induction of necrotic cell death in virus-inoculated leaves

Part 1 Analysis of viral sequence in CMV RNAL viral sequence for
induction of necrotic cell death in virus-inoculated leaves

Twenty-six non-synonymous amino acid substitutions in CMV(H) and CMV(Y)
RNAT1 encoding la protein could be observed in Figure 7. To identify the region of
la protein encoded by CMV(H) RNA1 responsible for inducing necrotic cell death in
virus-inoculated Col-0 leaves, a series of chimeric cDNAs between CMV(Y) and
CMV(H) RNA1 was generated and cloned under the control of the T7 promoter
(Figure 8A, 9A and 10A). Each infectious RNA1 was transcribed in vitro from each
chimeric ¢cDNA vector and combine with infectious RNA2 and RNA3 from
CMV(Y) and used as inoculum. The determinant region of the development of
necrotic cell death was first narrowed down to the region of the 1a protein that does
not contain the helicase (HEL) domain (Figure 8). According to the results shown
in Figure 9, the determinant for inducing necrotic cell death likely maps to the 5'
region of RNA1, which corresponds to nucleotide positions 1 to 1126 in the la
protein-coding region and includes the methyltransferase (MET) domain containing
11 amino acid substitutions (Figure 9). Then, it was found out that the development
of the necrotic cell death seems to be determined by two independent regions of the
la protein-coding region from nucleotide positions 1 to 310 or from 968 to 1126,
which does not include the MET domain but each contains 3 amino acid
substitutions besides the MET domain (Figure 7 and 10). Systemic cell death was
not observed in the upper leaves of each reassortant CMV-inoculated plant,
although the CMV coat protein was detected at similar levels in virus-inoculated
leaves and non-inoculated upper leaves (Figure 12).
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Part 2 Analysis of single amino acid substitutions in the CMV la
protein for induction of necrotic cell death in virus-inoculated
leaves

To determine which amino acid in each region of the 1a protein induces necrotic
cell death, nucleotide substitutions resulting in single amino acid substitutions were
generated in each CMV(Y) la protein-coding region (Figure 11A). Necrotic cell
death was induced in Col-0 leaves inoculated with each of the 6 single amino acid
mutated reassortant CMVs (Figure 11B).

Systemic cell death was not observed in the upper leaves of each reassortant
CMV-inoculated plant, although the CMV coat protein was detected at similar levels
in virus-inoculated leaves and non-inoculated upper leaves (Figure 12). These results
indicated that amino acid residues 29, 49, 54, 298, 299 and 310, which are located
around the MET domain in the la protein encoded on CMV(H) RNAI,
independently determine the induction of the necrotic cell death upon Col-0 leaves
with co-infection of CMV(Y) RNA2 and RNA3.

Part 3 Discussion of Chapter 3

The development of the necrotic cell death in Col-0 is necessary for co-infection
of CMV(Y) RNA2 and CMV(Y) RNA3 with a CMV(Y) RNAI encoding a la
protein carrying single amino acid substitutions around its MET domain. This
suggests that necrotic cell death must not be an artifact of a heterogenous interaction
between the CMV(H) 1a protein and other proteins encoded on CMV(Y) RNA2 and
RNA3. A single amino acid substitution from R to C at amino acid position 461 of
the 1a protein resulting in an HR-like necrotic phenotype in virus-inoculated leaves
of Nicotiana tabacum without affecting virus multiplication has been reported [37].
Modeling has also demonstrated this phenotype was associated with structural
changes in the 1a protein caused by amino acid substitutions at position 461 [38]. The
amino acid at position 461 of 1a protein of CMV was localized between the MET
domain and HEL domain of la protein. In our experiments, single amino acid
substitutions residues 29, 49, 54, 298, 299, or 310 of the 1a protein, which could
independently induce the necrotic cell death in A. thaliana Col-0 were localized at
in both the N- and C-terminal regions around the MET domain (amino acid 72 to
290). A putative hinge is located between the MET and HEL domains of the la
protein [39]. The region of the la protein N-terminal to the hinge appears to
self-interact to form homodimers in a yeast-two hybrid system [39], and mutation of
the amino acid residues in the MET domain disrupts capping activities and virus
replication [40]. However, single amino acid substitutions around the MET domain
of 1a protein of CMV(Y) did not affect virus multiplication and systemic spread in
the host plants in our experiment. Thus, in our experiment, changes in the degree of
self-interaction or homodimer structure of the la protein, which could be resulted
from the single amino acid substitutions around its MET domain, might be
associated with the induction of necrotic cell death in A. thaliana Col-0 leaves.
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While further study is needed to elucidate the mechanisms by which necrotic cell
death is induced by single amino acid substitutions in the N- and C-terminal regions
around the MET domain of the la protein, our results suggest that necrotic cell
death can develop without preventing virus infection and is not caused by the stress
of virus infection but the specific interaction between virus and host plants.

Chapter 4 Differences and similarities between necrotic cell death
and other well-characterized cell death

The induction of cell death is a dominant feature during plant and virus interactions.
Combining with the Figure 13, when the resistance gene of host plant recognized the
avirulent gene of virus, HR cell death was induced in the virus-inoculated leaves and
the virus was blocked to the HR lesion during the resistance response [41]. On the
other hand, when the virus escaped from the recognition of host plant, lethal systemic
necrosis was induced by virus systemic spread in the plants. Some recent studies
suggesting that systemic necrosis could be induced through a delayed HR in the virus
inoculated plants, is accumulating, although lethal systemic cell death is categorized
in “compatible interaction” between host and virus [42]. Intriguingly, in this study,
we identified necrotic cell death, which is only induced in CMV(HYY)-inoculated
Col-0 leaves. CMV(HYY) systemically infected the plant and induced
systemic stunting and yellowing symptoms but no systemic necrotic cell
death. And the necrotic cell death could also be induced in various ecotypes of A.
thaliana in response to the inoculation with CMV(HY'Y). The global gene expression
of leaves showing necrotic cell death greatly differs from those showing HR cell
death. Furthermore, single amino acid substitutions at residues 29, 49, 54, 298,
299 or 310 in both the N- and C-terminal regions around the MET domain of the 1a
protein of CMV(HYY) could independently induce the development of necrotic cell
death in Col-0 without affecting virus multiplication and systemic spread in the host
plants. In conclusion, the characterization of the necrotic cell death suggests that
necrotic cell death induced in CMV(HYY)-inoculated Col-0 leaves was a different
type of cell death, which should be distinct to well-characterized HR cell death and
systemic necrosis. The discovery of the new type of CMV la protein-mediated
necrotic cell death could give us a novel knowledge to realize the induction of cell
death in host plants to virus infection.
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Figure 1. Schematic diagrams of the RNA
genomes of the reassortant CMVs, denved
from RNA1, RNA2, and RNA3 of CMV(H)
and CMV(Y) (upper part of figure), used in

CMV(H) genomes; gray, the CMV(Y)

genomes.
T ; S G 1 2 3 1 2 3 1 2 3
CMV(Y) CMV(H) CMV(Y) CMV{H)
a - X F p
....1‘ Y 3 1 “ 3 : % 3 (1 ._‘2
SO ENEIHY) CMV(YYH) CMV(HHY)
4 A ey i i ¥ 1
1:‘M\.'Z\fmr : e 2 2 3 *H 2 3
i b o CMV(YHY) CMV(HYH)
1 2 i 4 1 L A Wﬂ ¢ 3*]
CMV(YHH) CMV{HYY) CMV{YHH) CMVHYY)
B Inoculated leaves of Col-0 c.
&:"\ﬂ“] CMVTHYY) CMVHYH) CMUTHHY) = 2 =Col:RCY1 /Mock
351 2 31231 2 31 2 3 2 |- © =Col:RCY1 i CMV(Y)
a-CP P —— - —a— Col0 1 CMV(HYY)
15
RuBISCO X

-

Cell death

Relative amount of coat proteln

j <?@cu\nvﬂ"nu CMVIYHH] CMUTYHY) Dol death
1 2 31 2 3 1.2 3 L %_f
«-ce | S ol Eiags L rgseiregesd
RuBISCO [ ] 1 2 I]q: du"-n u:hiu : i B

Figure 2. Response of virus-inoculated leaves of Arabidopsis thaliana ecotype Col<) to CMV(H), CMV(Y)
or a series of reassortant CMVs, and virus multiplication in the inoculated leaves. (A) Development of cell
death in leaves with a series of reassortamt CMVs, or with CMV(H) or CMV(Y) as a comntrol. Represemtative
virus-inogculated Col-0 of 3 independent plants (plant munbers 1, 2 and 3) under bright field (Jeft panel) and
stained with trypan blue (right panel). (B) CMV CP detected immunologically by western blotting at 7 dpi in
the leaves of plants inoculated with one of a series of reassortamt CMVs. CMV(Y Hnoculated Col-0 leaves
and mock-inoculated Col-0 leaves were used as positive and negative comrol. RuBISCO protein is shown as
an internal reference for protein quantity. (C) Time course of virus multiplication in Col-0 leaves moculated
with CMV(HYY) carrying CMV{H) RNA1 [Col-0/CMV{HYY)], CMV(Y Hnoculated Col::'RCY1 leaves
[ColRCY1/CMV(Y)], and mock-inoculated Col--RCY1 leaves [Col::RCY1/Mock]. CMV CP quantitics
were measured using ELISA (mean values of relative amount of CP of three independent biological samples
with standard emor bars).
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Figure 3. Detection of CMV RNA in virus-inoculated leaves of Arabidopsis thaliana ecotype Col-0.
CMV RNA1, 2, 3 and 4 were detected by northem blot hybridization analysis of total RNA extracted
from virus-inoculated leaves of Col-0 inoculated with CMV(Y), CMV(H) and a series of reassortant
CMVs (as indicated) at 5 dpi. Mock-inoculated Col-0 leaves were used as a control. Total RNA was
extracted from three independent samples. The position of CMV RNA is indicated at left: RNA 1, 2
and 3 represent genomic RNAs; RNA4 is subgenomic. rRNA is the loading control.
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Figure 4. Detection of CMV CP in non-inoculated upper Arabidopsis thaliana ecotype Col-0 leaves
and systemic symptom development. (A) CMV CP detected at 7 dpi, by westemn blot analysis, in
non-inoculated upper leaves of CMV(HYY}-infected or mock-inoculated Col0 [Col-O/CMV(HYY)
and ColH)/Mock] and CMV(Y}inoculated or mock-inoculated Col::RCY1 [Col::RCY1/CMV(Y) and
Col::RCY1/Mock]. RuBISCO protein is an intemal reference for protein quantity. Each experiment
was conducted using three independent biological replicates (plant numbers 1, 2, and 3). (B)
Symptom appearance observed at 14 dpi on CMV(HYY}inoculated Col0 [CollO/CMV(HYY)],
CMV(Y}inoculated Col:RCY1 [Col::RCY1/CMV(Y)], or mock-inoculated Col0 [Col-0Mock]
(control). Virus-inoculated leaves have been removed because they were already dead at this
stage. Representative plants were photographed.
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Figure 5. Venn diagram of the number of genes with increased or decreased transcript abundance in
CMV(HYY }inoculated Arabidopsis thaliona Col-0 leaves showing necrotic cell death and CMV{Y)-
inoculated ColRCY1 leaves showing HR cell death. The mumber of genes detected by RNA-Seq analysis
with more than 4-fold increased expression and adjusted p < 0.05 in CMV(HY Y Hinoculated Col-0 leaves
and CMV(Y Hinoculated Col::-RCY1 leaves are shown at left (Up-DEGs). Those with less than 0.25-fold
decreased expression (p <0.05) are shown at nght (Down-DEGs). The number of genes with increased and
decreased expression in leaves showing HR cell death are shoem m the light gray circles; and those showing
necrotic cell death i the dark pray circles.
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Figure 6. Survey of the response to CMV(HY Y Hinoculation on the leaves of 94 ecotypes of Arabidopsis
thaliana. (A) Representative photograph of the responses: CMV(HY Y }-inoculated leaves of five ecotypes
randomly selected at 14 dpi. Virus-inoculated leaves under bnght field (left panel), and stained with trypan
blue (nght panel). (B) Pie chart summary of CMV(HY Y }-noculated leaves of the 94 ecotypes. (C) CMV CP
detected immunologically by westem blot analysis in virus-inoculated leaves of three independent biclogical
replicates {numbers 1, 2, and 3) of five selected ecotypes at 7 dpi. RuBISCO protein is an imemal reference
for protein quantity.
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Figure 7. Schematic diagram of the CMV RNAl encoding the la proiein, which contains a

methyliransferase (MET) and a helicase (HEL) domain. The 1a protein-coding region and corresponding 1a

protein are shown as rectangles. Amino acids that differ between the 1a proteins encoded by the CMV(H)

RNAI1 (lower panel) and the CMV(Y) RNA1 (upper pancl) and the positions of these amino acids in the 1a

protein are described above each rectangle. The dotted lines connecting the two chimeric constructs mdicate

the amino acid and mucleotide positions of junction sites. The adjacent sequence numbers of each of these

junctions are indicated above the CMV(Y) RNA1 (upper) schematic for amine acids; and above the CMV(H)
RNA1 (lower) schematic for the comresponding nuclectides.
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Figure 8. Induction of necrotic cell death in Arabidopsis thaliana ecotype Col-0 leaves inoculated with
reassortant CMVs, CMV(H-Y/683) and CMV(Y-H/683), which carry chumenic 1a protem of CMV(Y) and
CMV(H), and CMV(Y) and CMV(HYY). (A) Schematic diagram of the CMV RNA1 encoding the 1a
protein. The 1a protein-coding region (and its corresponding 1a protein) is presemted as rectangles in black
for CMV(H) and in gray for CMV(Y). The dotted line indicates the junction site at amino acid position
682/683. MET, la protein methylransferase domain; HEL, helicase domain. The presence (+) or absence (—)
of necrotic cell death induction in virus-inoculated leaves is shown in the column on the nght. (B) Responses
of CMV-inoculated leaves for three independent biological replicates (plamts nmumber 1, 2, and 3). Virus-
inoculated leaves to the left are under bright field and those to the nght are stamedmthlrypan blue.
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Figure 9. Induction of necrotic cell death in Arabidopsis thaliana ccotype Col-0 leaves inoculated with
reassortant CMVs, CMV(Y-H/343) and CMV(Y-H/344~682) which carry chimenic 1a protein of CMV(Y)
and CMV(H), and CMV(Y) and CMV{HYY). {(A) Schematic diagram of the CMV RNAI1 encoding the 1a
protein (representation as in Fig.7: see legend for details). The junction sites in chimeric 1a proteins at amine
acid positions 343/344 and 682/683 are indicated by doited lines. (B) Responses of CMV-inoculated leaves
(for details, sec legend to Fig. 8).
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Figure 10. Induction of necrotic cell death in Arabidopsis thaliana ecotype Col-0 leaves inoculated with
reassortant CMVs, CMV(Y-H/71), CMV(Y-H/72~343), CMV(Y-H/290), CMV(Y-H/72~290), CMV(Y-
H/71+291~343) and CMV(Y-H/291~343), which carry chimeric 1a protein of CMV(Y) and CMV(H), and
CMV(Y) and CMV(HYY). (A) Schematic diagram of the CMV RNAl encoding the la protein
(represemtation as in Fig.7- see legend for details). Dotted lines indicate the chimera junction sites at amino
acid positions 71/72, 290291, and 343/344. (B) Responses of CMV-moculated leaves (for details, see legend
toFig. 8).
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Figure 11. Induction of necrotic cell death 10 Arabidopsis thaliana ecotype Col-0 leaves inoculated with
CMVs carrying single amine acid substitutions in the 1a protein of CMV(Y). (A) Schematic diaram of the
CMV RNAI1 encoding the 1a protein. The 1a protein-coding region and corresponding 1a protein are shown
as rectangles. Deduced single aming acid substitutions and their positions in the 1a protein are shown as a
black bar (representation as in Fig 7: see legend for details). (B) Responses of CMV-inoculated leaves (for
details, see legend to Fig. 8).
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Figure 12. Detection of CMV coat protein m exiracts of virus-inoculated leaves and non-moculated upper
leaves of Arabidopsis thaliana Col). Exiracts from fully cxpanded leaves of three mdependemt Col-0
{mumber 1, 2, and 3) plamts inoculated with reassortamt CMV were analyzed at 7 days post inoculation (dpi)
using western blotting. Extracts from non-inoculated upper leaves of comesponding planmts were also
analyzed at 7 dpi using western blotting. RuBISCO protein is shown as an imternal reference for protein
quantity in each sample. CMV coat protein in CMV{(Y }-inoculated leaves (P) and mock-inoculated leaves (N)
was quantified as a positive and negative conirol, respectively.
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Figure 13. Cell death induced in three vimus and plant imteractions. Cell death induced in incompatible
imeractions of virus and plants was identified as HR cell death, which developed in the virus inoculated leaves
and restricted the systemic spread of virus. On the other hand, cell death induced in compatible imteractions of
virus and plants was identified as lethal systemic necrosis. Some recent studies suggesting systemic necrosis
could be induced through a delayed HR in the virus inocnlated plants is accumulating. Imtriguingly, in this
study, a necrotic cell death was observed in 1a protein mutant CMV inocnlated Col-0 leaves. The 1a protein
mutant CMV could systemically infect the plant and induce systemic stunting and yellowing symptoms but
not systemic necrotic cell death. The global gene expression of leaves showing necrotic cell death greatly
differs from those showing HR cell death. And the necrotic cell death was also identified as a2 common
response in various ecotypes of A. thaliana Therefore, the necrotic cell death induced in the 1a protein mutant
CMYV inoculated Col-0 leaves was a different type of cell death from HR cell death and systemic necrosis.

292



MCEREOREOEE RO Y E

K 4| HOEEAE
% & %= B TH AR wiE St

A #% S gk Edw bR RE

Molecular analysis of necrotic cell death induced in cucumber mosaic
P F SCRE B | virus-inoculated Arabidopsis thaliana (r =7 ) £V A 7 7 A )V AJE G 1 A
X A NZHEE & 5 BHE R SR 2 B 9 B AF5E)

WX A oK R o EE

T A NVAEG LT E EHE TR, A NV RIZHT 208 L L THIRRENTFEIND Z L 03dh 5,
T8 FAE DS T A )V A% U CTHREUWEZ R T I5E 1. U A L 2 DPIIRGSEALIZ B TRIBISE S §HE &
AU GEBUEGHAEZE) . ¥ A VA DFEAIRAERED & 2H ~OBITRIH &5 Z L1k 0 IR
LD, ZAVE T, UANVREGUEIC T 2 UGS O & FIOF S I oW T, £ < %R
DEBEINTE T, —J7, [EEMEDB T A VAR L TRFEZ R THEIE. VANV ADOEREBITIC
PV, — RIS LR B L . MRS ML M) WEFHFEIND Z DML TWD, T
L EHMIEEIL, WIEIRGEEANL TO T A NV ADOBITIHIAARZEETH L2 EI2XY, 2887 LT
U A NVANEEHNRBUEHIRE A FE LR THY | AN A FE ML~ 6 B, K
FEINENFEINTND LIRS EDR 2SN TWD, LoL, VA NVAEEIZEVFHESN
5 ML DT OB BEURGHIIESEIZ & D & DD IBEURHIAESE & 138 D A =X L2 X FHE
SHL D MBI B AFAET D DN ONT, +aRFARGF LTS DI TIERW,

AW TIE, iY77 5 RNA 2 HOF 20 UEH A 7 A /LA(CMV)D 2 FFEHO R/ T, 7/
2 RNA ZARAEIZACH# LT- reassortant CMV & U —XZ{EH L, RV A VAICRT om0 X AT
(Arabidopsis thaliana) )&% Z fiEHT 9~ 218 T, —#F D reassortant CMV Z 827 L 7 filt#) D4 HE D 7»
(CHIERFE SN DD, VANV ATEMEETIIBIT T2 2 L2 A L, ZhETlicgEsinT
WD AV AfE ERM AR O T T, A )V ABRBEIEDO HTHIENFE I NN D, UA LA
IR RS ITBATT DHNTEIE S TW2RYy, 5 1 BT, 2 OMISE & UMD SE D Ll it
ATV, IS SRR I S 1T D s TR BB ONEFRAIFRNT 72 & OFE R 5 | reassortant CMV #2Ff
WEORHIHE I N DAL, EEUEIEE & X872 50 TR K 5 THEEMEMasE Thbr L
ZHLNC LTz, B2 BT, T OSEMMIEOFEEZRE L TN D A VAR OIRIT 21T,
CMV D7 ) ARNAL A2 — K9 51a X VXV EDAF VT AT =27 —B(MET) KA A D NK
Sl £ 7213 C Rdmfll o> 17 X/ FRiE#AS . BYHMEMIAEE SO A EARTE L TWH Z sz /A LT,
INHOIMBIEL, UA N AE TS OIS DRI Lo Tid, IBBUBHIIEIE & 135872 5 0 TR I
L OFHE SN DMIENFAET D 2 BEEKITRT DO TH Y | 7 A )V AEYIE ERWICBIT 5%
FRZZHMIBSEDEEN N TET DT D DT R ER R AR L F2 5, Lo T, FEE—FIE, 2o
LI L (BP0 ERET HIMET 200 THD &l Lz,

293






