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Plant viruses depend on their host plant to establish their infection steps: replication, cell-to-cell, and long-
distance movement. In long-distance movement, viruses translocate from the initially infected leaf to the rest of the
plant through the phloem vascular tissue. Long-distance movement can be characterized by the three steps: loading
into, translocation inside, and unloading from the phloem. To load into the phloem, viruses exploit the
plasmodesmata, complex cytoplasmic bridges interconnecting plant cells. The permeability of plasmodesmata is
highly regulated by the level of callose accumulation. Previous studies have shown that each step in long-distance
movement, including loading, translocation, and unloading, can be a bottleneck during the long-distance movement
of viruses.

The detailed mechanisms underlying the restriction of long-distance movement of plant viruses remain
unknown; however, there is some evidence that phytohormone-mediated plant defense responses are involved.
Salicylic acid (SA) is a well-studied phytohormone that induces defense responses and restricts viral cell-to-cell
and long-distance movements. Acibenzolar-S-methyl (ASM) is a member of a group of agrochemicals called plant
defense activators. It mimics the function of SA in restricting infection by plant viruses and other plant pathogens.
A previous study has found that pre-treatment of Nicotiana benthamiana with ASM restricted infection by a
potexvirus, plantago asiatica mosaic virus (PIAMV), a causal agent of devastating necrotic diseases in lilies. This
treatment restricted viral replication and long-distance movement, but did not restrict cell-to-cell movement.
Because the cell-to-cell movement was as efficient in ASM-treated leaves as in untreated leaves, the ASM-mediated
delay in viral long-distance movement was not simply caused by the suppression of viral accumulation in the ASM-
treated, inoculated leaves. Thus, it is of interest to elucidate the mechanism by which ASM delays the long-distance
movement of PIAMV. In this study, N. benthamiana and PIAMYV expressing a green fluorescent protein (PIAMV-
GFP) were used as a model system to examine where and when viral movement is inhibited upon ASM treatment.
I also employed fluorescence microscopy to monitor the cell-to-cell and long-distance movement of PIAMV-GFP

and examine the distribution of the virus in the vasculature.



In the loading step, PIAMV-GFP entered into the vascular tissue in the inoculated leaf by around four days-
post inoculations, and this step is inhibited by ASM treatment. When I observed GFP fluorescence in the vascular
tissue in the inoculated leaf, PIAMV-GFP was located in the vascular tissue (i.e., Xylem, adaxial/internal, and
abaxial/external phloem) and the mesophyll cells in the major veins and the petiole of untreated control plants.
However, in ASM-treated plants, GFP fluorescence was detected in the vascular tissues but not in the mesophyll
cells. Moreover, ASM treatment drastically reduced the accumulation of PIAMV-GFP in the vascular tissues of the
major veins and the petiole of the inoculated leaf.

In ASM-treated plants, translocation of PIAMV-GFP was delayed in the stem above the inoculated leaf
and the basal stem compared to control plants. GFP fluorescence was located in all types of vascular tissues in the
main stems of both control and ASM-treated plants. However, areas of GFP fluorescence detected in ASM-treated
plants were much more limited than in the control plants. RT-qPCR-based quantification of PIAMV-RNA levels
confirmed that the ASM-treated plants had lower viral accumulation in the main stem than in control plants,
although there were no statistically significant differences.

A stem girdling experiment, which blocked viral movement downward into the roots through phloem
tissues, demonstrated that downward movement of PIAMV-GFP from the inoculated leaf into the roots is
responsible for rapid and efficient viral movement to the upper leaf. On the other hand, the movement of PIAMV-
GFP to the upper leaves was restricted by ASM treatment, even though the downward movement was impaired.
This result indicated that the downward movement of PIAMV-GFP in the main stem is not essential for ASM-
mediated delay of systemic infection.

Viruses unload in sink organs (where the photoassimilates are imported), including the roots and the upper
leaves. ASM treatment has a more restrictive effect on the unloading of PPAMV-GFP into the upper leaves than in
the roots. I also found that ASM treatment allows the viral unloading and localization into the vascular tissues of
uninoculated upper leaves but restricts its subsequent accumulation in mesophyll cells.

To gain insight into the function of callose in ASM-mediated inhibition of viral loading, I analyzed the
levels of callose accumulation in phloem. The accumulation of callose in phloem was elevated in both control and
ASM-treated plants. This result indicated that ASM-mediated restriction on loading of PIAMYV is callose deposition-
independent.

In conclusion, ASM treatment delays the loading of PIAMV-GFP into vascular tissues in the inoculated
leaf, which leads to restricted viral translocation and unloading and reduced accumulation in sink organs. Because
vascular loading is an essential and prerequisite step for viral long-distance movement of plant viruses, ASM

treatment could efficiently control plant virus disease.
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LIST OF FIGURES

CHAPTER 1

Figure 1.1 Properties of PIAMV. (A) The electron micrograph of PIAMV showing long filamentous
viral particles. From Komatsu, K with permission. (B) Genome organization (gRNA) and
two subgenomic RNAs (sgRNA1 and sgRNA2) of PIAMV. M7GpppG represents the cap
structure. A(n) represents the poly(A) tail. ORF1 encodes RNA dependent RNA
polymerase, which possesses a methyltransferase domain (MET), a helicase domain
(HEL), and polymerase domain (POL); ORF2, ORF3, ORF4 encode triple gene block
proteins ; ORF5 encodes coat protein (CP). Figure adapted from AbouHaidar & Gellatly
(1999).

Figure 1.2 The general view of virus replication, cell-to-cell, and long-distance movement in the plant
cells. In the initial infected cells, virions are disassembled for replication and translation
of viral genome and move cell-to-cell between MS-BS-VP as virions or RNP complexes
through plasmodesmata. Virions or RNP complexes are loaded to phloem SEs to begin
the long-distance movement (1). Then, virion or RNP complexes translocate through
phloem SEs to reach uninfected cells in the sink tissues (systemic/upper leaves and roots)
(2). Finally, virions or RNP complexes unload from phloem SEs to set up new infection
steps (3). MS, mesophyll cells; BS, bundle sheath; VP, vascular parenchyma; CC,
companion cells; SE, phloem sieve elements. Figure adapted from Hipper et al. (2013);

Leisner & Howell (1993).

Figure 1.3 A molecular structure of acibenzolar-S-methyl (ASM). Figure adapted from Oostendorp
et al. (2000).

CHAPTER 2

Figure 2.1 The genome structure of PIAMV expressing green fluorescent protein (PIAMV-GFP). A
diagonally hatched boxes represent FMDV 2A peptide. ORF1 encodes RNA dependent
RNA polymerase; ORF2, ORF3, ORF4 encode triple gene block proteins; ORFS5 encodes
coat protein (CP). Figure was adapted from Minato et al. (2014).
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Figure 2.2 Infection with PIAMV-GFP does not cause severe symptoms in Nicotiana benthamiana
(left panel), but its infectivity can be evaluated by observing GFP fluorescence (right panel,
GFP is shown as green color). The photograph in systemic leaves were taken under UV

light at 15 dpi.

Figure 2.3 Illustration of a position of sampling in N. benthamiana leaf: major veins of class I and

class II and leaf base (petiole) of the inoculated leaf.

Figure 2.4 Illustration of the positions of the stem segments of N. benthamiana of one internode of
stem above (A), stem below (B) the inoculated leaf, and the basal stem (located below the
hypocotyl leaves) (C) (indicated by red boxes). The inoculated leaf indicated by a white

star.

CHAPTER 3

Figure 3.1 ASM-treated (+) or untreated control (-) leaves of N. benthamiana inoculated with
PIAMV-GFP. Photographs were taken under a UV light at 3 up to 9 dpi prior detaching.

Bars, 1 cm. The experiment was repeated twice with three plants for each treatment.

Figure 3.2 Observations of systemic infection of N. benthamiana plants by PIAMV-GFP following
detachment of the inoculated leaves. The PIAMV-GFP-inoculated leaves were removed
at 3 to 9 dpi, from either untreated plants (-; upper panels) or ASM-treated plants (+; lower
panels). Uninoculated plants (Mock) were used as negative controls. Representative
photographs were taken under a UV lamp at 15 dpi. The numbers within each photograph
indicate the number of plants that showed systemic infection per total tested plants. Bars,

5 cm. The experiment was repeated twice with three biological replicates each.

Figure 3.3 Result of RT-PCR to detect PPAMV-GFP RNAs in the petioles of inoculated leaves at 3
dpi (A) and 4 dpi (B). Lane M: 1 kb DNA ladder (#N3232S, New England BioLabs).
Total RNA from PIAMV-GFP-inoculated leaves at 15 dpi and mock-inoculated leaves
were used as positive (C+) and negative (C-) controls, respectively. The expected size of
PCR products is 1.5 kb (approximately). Numbers at the right indicate the numbers of
infected plants per total number of plants tested. The experiment was repeated twice with

three biological replicates each.



Figure 3.4 Viral accumulation in the vascular tissue in the petiole of the inoculated leaf at 3 dpi (A)
and 4 dpi (B) from untreated plant (-) or ASM-treated plants (+). PIAMYV accumulation is
shown in green and Fluorescent Brightener 28—labeled plant cell walls is shown in blue.
IP, internal phloem; EP, external phloem; X, xylem; M, mesophyll cells. Pictures are

representatives of the two independents with three plants for each treatment.

Figure 3.5 Cross sections of the major veins of class I, major veins of class I, and the petiole of the
inoculated leaf of an ASM-untreated and mock-inoculated plants. The unspecific green
fluorescence is shown in blurred green and Fluorescent Brightener 28—labeled plant cell
walls are shown in blue. Panels with numbers I, II, III are enlarged images of vascular
tissues for AdP/IP, AbP/EP, and X, respectively, in white boxes of panels of the left.
PIAMYV accumulation is shown in green and Fluorescent Brightener 28—labeled plant cell
walls is shown in blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal phloem;
EP, external phloem; X, xylem; M, mesophyll cells. Pictures are representatives of the

two independents with three plants for each treatment.

Figure 3.6 Effect of 1 mM ASM treatment on the viral localization in the vascular tissues of
inoculated leaves at 9 dpi. Images of vascular tissues in untreated control plants. Upper
panels, cross sections of major class II veins; middle panels, cross sections of major class
I veins; lower panels, cross sections of petioles. Panels with numbers I, II, and III are
enlarged images of the AdP/IP, AbP/EP, and X tissues, respectively, shown in white
boxes in the panels on the left. PIAMV-GFP appears as green, and the Fluorescent
Brightener 28-labeled plant cell walls are blue. AdP, adaxial phloem; AbP, abaxial
phloem; IP, internal phloem; EP, external phloem; X, xylem; M, mesophyll cells. Red
arrows indicate PIAMV-GFP in mesophyll cells. Pictures are representative of two

independent experiments with three plants in each treatment.

Figure 3.7 Effect of 1 mM ASM treatment on the viral localization in the vascular tissues of
inoculated leaves at 9 dpi. Images of vascular tissues in ASM-treated plants. Upper
panels, cross sections of major class Il veins; middle panels, cross sections of major class
I veins; lower panels, cross sections of petioles. Panels with numbers I, II, and III are
enlarged images of the AdP/IP, AbP/EP, and X tissues, respectively, shown in white
boxes in the panels on the left. PIAMV-GFP appears as green, and the Fluorescent
Brightener 28-labeled plant cell walls are blue. AdP, adaxial phloem; AbP, abaxial



phloem; IP, internal phloem; EP, external phloem; X, xylem; M, mesophyll cells. Red
arrows indicate PIAMV-GFP in mesophyll cells. Pictures are representative of two

independent experiments with three plants in each treatment.

CHAPTER 4

Figure 4.1 GFP expression in the main stem after detachment of the inoculated leaf. PIAMV-GFP-
inoculated leaf was cut at 3-9 dpi, from either untreated plant (upper panels, shown as
“(-)”) or ASM-treated plants (lower panels, shown as “(+)”). Uninoculated plants (shown
as Mock) were used as a negative control. Representative photographs were taken under
a UV lamp at 15 dpi. The experiment was repeated twice with three plants for each

treatment.

Figure 4.2 Detection of PIAMV-GFP within the main stem by RT-PCR at 6 dpi. Total RNA was
extracted from the internode above the inoculated leaf (A), the internode below the
inoculated leaf (B), or the basal stem (C) of untreated control (-) or ASM-treated (+)
plants. Lane M: 1 kb DNA ladder. Total RNA from mock-inoculated leaves was used as
a negative control (C-). Numbers at the right represent the numbers of infected plants per
total number of plants tested. The expected size of PCR products is 1.5 kb

(approximately). The experiment was repeated twice with three biological replicates each.

Figure 4.3 The cross section of (A) one internode of the stem above the inoculated leaf, (B) one
internode of the stem below the inoculated leaf, and (C) the basal stem of untreated and
mock-inoculated plants. The unspecific green fluorescence is shown in blurred green and
Fluorescent Brightener 28—labeled plant cell walls is shown in blue. Panels with numbers
I, II, III are enlarged images of vascular tissues for AdP/IP (or P in the basal stem),
ADbP/EP, and X, respectively, in white boxes of panels of the left. PPAMYV accumulation
is shown in green and Fluorescent Brightener 28—labeled plant cell walls is shown in blue.
AdP, adaxial phloem; AbP, abaxial phloem; IP, internal phloem; EP, external phloem; P,
phloem; X, xylem; M, mesophyll cells; Pi, pith tissue. Pictures are representatives of the

two independents with three plants for each treatment.

Figure 4.4 Effect of 1 mM ASM treatment on the viral localization in vascular tissues of the main
stem at 9 dpi. Images of vascular tissues in untreated control plants. Upper panels, cross

sections of the internode above the inoculated leaf; middle panels, cross sections of the

Xi



internode below the inoculated leaf; lower panels, cross sections of the basal stem. Panels
with numbers I, II, and III are enlarged images of the IP (or P in the basal stem), EP, and
X, respectively, shown by white boxes in the panels on the left. PPAMV-GFP is green,
and the Fluorescent Brightener 28-labeled plant cell walls are blue. IP, internal phloem;
EP, external phloem; X, xylem; P, phloem; Pi, pith tissue. Pictures are representatives of

two independent experiments with three plants in each treatment.

Figure 4.5 Effect of 1 mM ASM treatment on the viral localization in vascular tissues of the main
stem at 9 dpi. Images of vascular tissues in ASM-treated plants. Upper panels, cross
sections of the internode above the inoculated leaf; middle panels, cross sections of the
internode below the inoculated leaf; lower panels, cross sections of the basal stem. Panels
with numbers I, II, and III are enlarged images of the IP (or P in the basal stem), EP, and
X, respectively, shown by white boxes in the panels on the left. PPAMV-GFP is green,
and the Fluorescent Brightener 28-labeled plant cell walls are blue. IP, internal phloem,;
EP, external phloem; X, xylem; P, phloem; Pi, pith tissue. Pictures are representatives of

two independent experiments with three plants in each treatment.

CHAPTER 5

Figure 5.1 Diagram to show the progress of the spread of mosaic by TMV (represent in black) through
a medium young tomato plant. dpi, days post inoculation. TMV was inoculated into one

leaf in one tomato leaflet. Figure adapted from Samuel (1934).

Figure 5.2 The effect of steam treatment to the main stem of Nicotiana benthamiana plants. (A)
Representative images of the main stem of mock-inoculated (Mock), untreated control (-)
and ASM-treated (+) plants at 6 hours after exposure to hot steam treatment. The steamed
points are indicated with white circles. Bars, 5 cm. The experiment was repeated third
with three biological replicates in each experiment. (B) A cross section of the stem
following steaming treatment, which showed that phloem tissues were disrupted.
Fluorescent Brightener 28—labeled plant cell walls is shown in blue. IP, internal phloem;

EP, external phloem; X, xylem; P1i, pith tissue.

Figure 5.3 A role of phloem tissue in the downward movement of PIAMV-GFP. (A) Representative
images of PIAMV-GFP infection in upper leaves of mock-inoculated (Mock), untreated

control (-) and ASM-treated (+) plants following steaming treatment to destroy phloem

xii



tissues below the inoculated leaf. The numbers within each photograph indicate the
number of plants that showed systemic infection per total of plants tested. (B) Images of
PIAMV-GFP infection in the main stem. The photographs in the upper and lower panels
were taken under UV light at 14 dpi. White arrows indicate GFP fluorescence. Bars, 5 cm.

The experiment was repeated third with three biological replicates in each experiment.

Figure 5.4 A role of phloem tissue in the downward movement of PPAMV-GFP. RT-PCR-mediated
detection of PIAMV-GFP at 14 dpi in the stem above the inoculated leaf (A) or the stem
below the inoculated leaf (B) in mock-inoculated (Mock), untreated control (-) and ASM-
treated (+) plants following steaming treatment to destroy phloem tissues below the
inoculated leaf. Lane M: 1 kb DNA ladder. Total RNA from mock-inoculated leaves was
used as a negative control (C-). Numbers at the right represent the numbers of infected
plants per total number of plants tested. The expected size of PCR products is 1.5 kb
(approximately). The experiment was repeated twice with three biological replicates in

each experiment.

Figure 5.5 Detection of PIAMV-GFP within the main stem by RT-PCR at 14 dpi in untreated plants
(-) and ASM-treated plants (+) without steam treatment. Lane M: 1 kb, DNA ladder
(#N32328S, New England BioLabs). Total RNA from PIAMV-GFP-inoculated leaf at 15
dpi and mock-inoculated leaf were used as positive (C+) and negative (C-) controls,
respectively. The expected size of PCR products is 1.5 kb (approximately). The

experiment was done once with three each biological replicates.

Figure 5.6 Representative images of PPAMV-GFP infection in upper leaves of untreated control plant
without steaming treatment (upper panels) and following steam treatment (lower panels).
The numbers within each photograph indicate the number of plants that showed systemic
infection per total of plants tested. The photographs in the upper and lower panels were
taken under UV light at 5, 7, 9, 11 dpi. White arrows indicate GFP fluorescence. Bars, 5

cm. The experiment was repeated twice with five biological replicates in each experiment.

CHAPTER 6

Figure 6.1 Detection of PPAMV-GFP within sink organs by RT-PCR at 9 dpi. Total RNA was extracted
from upper leaves (A) or primary roots (B) of untreated control (-) or ASM-treated (+)
plants . Lane M: 1 kb DNA ladder. Total RNA from mock-inoculated leaves was used as a
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negative control (C-). Numbers at the right represent the numbers of infected plants per total
number of plants tested. The expected size of PCR products is 1.5 kb (approximately). The

experiment was repeated twice with three biological replicates each.

Figure 6.2 The cross section of the ASM-untreated mock-inoculated plant of (A) major veins of class
I1, (B) major veins of class I, and (C) the petiole of the viral-uninoculated upper leaf. The
unspecific green fluorescence is shown in blurred green and Fluorescent Brightener 28—
labeled plant cell walls is shown in blue. Panels with numbers I, II, III are enlarged images
of vascular tissues for AdP/IP, AbP/EP, and X, respectively, in white boxes of panels of
the left. PIAMYV accumulation is shown in green and Fluorescent Brightener 28—labeled
plant cell walls is shown in blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal
phloem; EP, external phloem; X, xylem; M, mesophyll cells. Pictures are representatives

of the two independents with three plants for each treatment.

Figure 6.3 Effect of 1 mM ASM treatment on the viral localization in vascular tissues in uninoculated
upper leaves at 12 dpi. Images of vascular tissues in untreated control plants. Upper panels,
cross sections of major class II veins; middle panels, cross sections of major class I veins;
lower panels, cross sections of petioles. Panels with numbers I, II, and III are enlarged
images of the AdP/IP, AbP/EP, and X tissues, respectively, shown in white boxes in the
panels on the left. PPIAMV-GFP appears as green, and the Fluorescent Brightener 28-
labeled plant cell walls are blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal
phloem; EP, external phloem; X, xylem; M, mesophyll cells. Red arrows indicate PIAMV -
GFP distribution in the mesophyll cells. Pictures are representatives of two independent

experiments with three plants for each treatment.

Figure 6.4 Effect of | mM ASM treatment on the viral localization in vascular tissues in uninoculated
upper leaves at 12 dpi. Images of vascular tissues in ASM treated plants. Upper panels,
cross sections of major class II veins; middle panels, cross sections of major class I veins;
lower panels, cross sections of petioles. Panels with numbers I, II, and III are enlarged
images of the AdP/IP, AbP/EP, and X tissues, respectively, shown in white boxes in the
panels on the left. PPAMV-GFP appears as green, and the Fluorescent Brightener 28-
labeled plant cell walls are blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal
phloem; EP, external phloem; X, xylem; M, mesophyll cells. Red arrows indicate PIAMV-

Xiv



GFP distribution in the mesophyll cells. Pictures are representatives of two independent

experiments with three plants for each treatment.

CHAPTER 7

Figure 7.1 A role of callose accumulation in the ASM-mediated inhibition of viral loading. Images
of cross-sections of major veins class I from healthy (left panels), untreated control plants
(middle panels), and ASM-treated plants (right panels) at 9 dpi. Callose deposition in
phloem was viewed by filter CFP XF 88-2 (upper panels) and bright-field images of
phloem (lower panels). Callose deposition is shown in blue and emphasized with red
arrows. The cell walls of the xylem are autofluorescence. Asterisks indicate the position
of phloem. Bars =200 um. AdP, adaxial phloem; EP, abaxial phloem; X, xylem. Pictures

are representatives of the three independents with three plants for each treatment.

Figure 7.2 A role of callose accumulation in the ASM-mediated inhibition of viral loading. Images
of cross-sections of petiole of the inoculated leaf from healthy (left panels), untreated
control plants (middle panels), and ASM-treated plants (right panels) at 9 dpi. Callose
deposition in phloem was viewed by filter CFP XF 88-2 (upper panels) and bright-field
images of phloem (lower panels). Callose deposition is shown in blue and emphasized
with red arrows. The cell walls of the xylem are autofluorescence. Asterisks indicate the
position of phloem. Bars = 200 um. IP, internal phloem; EP, external phloem; X, xylem.

Pictures are representatives of the three independents with three plants for each treatment.
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CHAPTER 1
GENERAL INTRODUCTION

1.1  Rationale and Significance of the Study

Plant viruses infect their host plants systemically and cause severe yield and quality losses in
various crops (Agrios, 2005; Kang et al., 2005). Plant viruses depend on their host plant to establish
their infection steps, which are separated into replication, cell-to-cell, and long-distance movement.
In long-distance movement, viruses translocate from the initially infected leaf to the rest of the plant
through the phloem vascular tissue (Leisner & Howell, 1993; Nelson & Bel, 1998; Santa Cruz, 1999).
Long-distance movement can be characterized by the three steps: loading into, translocation inside,
and unloading from phloem vascular tissue. Numerous studies have found that those steps have
represented the points at which plant viral infection can be restricted (Ali & Roossinck, 2008; Culver
et al., 2020; Hipper et al., 2013; Leisner et al., 1993).

To date, there is no antiviral compounds available to cure plants infected with virus disease.
However, taking efficient control measures can significantly prevent virus disease in the field (Faoro
& Gozzo, 2015; Gergerich & Dolja, 2006). Various mitigation measures have been implemented to
prevent plant virus disease. For instance, infection of vector-transmitted viruses can be minimized in
the field by eradicating the vectors, but it has a significant environmental impact (Mrema et al., 2013).
In addition, the use of conventional breeding methods to obtain virus-resistant plants plays an
important role in controlling virus disease. However, genetic resistance is not durable owing to viral
genomic plasticity (Faoro & Gozzo, 2015; Hull, 2014). Therefore, we need further studies focusing
on resistance mechanisms to virus disease, for the development of new control methods. The
alternative methods to manage plant virus disease by employing plant innate defense response have
been developed. Both local and systemic defense responses of plants can be induced to become more

resistant to viral infections. Plant defense activators (PAs) are agrochemicals that have been



discovered to activate the salicylic acid-mediated defense responses in plants (Bektas & Eulgem,
2015; Matsuo et al., 2019; Oostendorp et al., 2001). The new antiviral treatment that targeted one or
multiple critical infection steps of viruses may be an alternative approach in the future (Mazzon &
Marsh, 2019).

Acibenzolar-S-methyl (ASM) is one of the best-studied PAs in the study of plant viruses. It
mimics the function of salicylic acid-mediated defense responses in restricting infection by plant
viruses and other plant pathogens (Ishiga et al., 2020, 2021; Noutoshi et al., 2012; Matsuo et al., 2019;
Takeshita et al., 2013). Our previous study have found that pre-treatment of Nicotiana benthamiana
with ASM restricted infection by a potexvirus, plantago asiatica mosaic virus (PIAMV). This
treatment restricted viral replication and long-distance movement, but did not restrict cell-to-cell
movement (Matsuo et al., 2019). Because the cell-to-cell movement was as efficient in ASM-treated
leaves as in untreated leaves, the ASM-mediated delay in viral long-distance movement was not
simply caused by the suppression of viral accumulation in the ASM-treated, inoculated leaves
(Matsuo et al., 2019). Thus, it is of interest to elucidate the mechanism by which ASM delays the
long-distance movement of PIAMV.

Unfortunately, we lack reference about the mechanisms involved in viral long-distance
movement in plants where its innate defense is activated by treatment of PA. This lack of knowledge
is partially due to technical difficulties in observing the phloem tissues. Therefore, in this study, we
used N. benthamiana as a plant model, GFP-expressing PIAMV, cryohistological fluorescence
imaging, and RNA analysis to examine where and when viral movement is inhibited upon ASM
treatment. The main goal of the study is to provide novel insights into the mechanism of antiviral
resistance in the plant, particularly delays on long-distance movement mediated by plant immune

activators and new strategies to control plant virus disease.



1.2 Impact of infection of potexviruses on crop losses

Plant virus disease became a significant threat to world crop production as well as that of
ornamental or medicinal plants (Agrios, 2005; Rubio et al., 2020). Plant viruses infect their host plants
systemically and cause severe disease symptoms with the magnitude of resultant losses in quantity
and quality of crop yields (Rao & Reddy, 2020). Furthermore, food security can be threatened when
virus diseases become pandemics and epidemics in essential staple food crops (Jones, 2021). Jones
(2021) also reviewed that virus disease pandemics and epidemics in global staple foods caused more
than US$30 billion in economic losses annually. In addition, 47% of the pathogens that cause
emerging plant disease epidemics worldwide are viruses.

Among 70 genera of plant viruses, the genus Potexvirus from the family Alphaflexiviridae
includes important viruses with a broad geographic distribution and infect a wide range of plants,
notably those in the family Solanaceae (reviewed in Table 1). The genus Potexvirus contains 54
definite and possible species, and it was named after its type a species, Potato Virus X (PVX) (van
der Vlugt & Berendsen, 2002).

In general, plants infected with potexviruses show chlorotic mosaic or mottle symptoms and
varying degrees of stunting (AbouHaidar & Gellatly, 1999; Loebenstein, 2001). Symptoms on
systemically infected hosts range from undetectable to severe necrotic, depending on different plant-
potexvirus combinations. In some cases, the necrotic patterns occur in the veins when viruses move
in the infected tissues. Upon further potexviruses infection, necrotic spreads rapidly to the growing
point, which is killed, and subsequently, all leaves may collapse and reduce yields (AbouHaidar &
Gellatly, 1999; Hull, 2014). Yield losses due to potexviruses infection can be as high as 30% of

agricultural plants (Agrios, 2005; AbouHaidar & Gellatly, 1999; Hancinsky et al.,2020).



Table 1 Review of potexviruses infection on crop losses

Potexviruses | Species infected Symptoms/ | Distribution | Citation
disease
impact

AltMV Amaranthaceae, Reduced Australia, Donchenko et

Brassicaceae, growth on United States, | al., 2018;
Cucurbitaceae, seedlings Europe, Park et al.,
Fabaceae, Brazil, and 2013
and Solanaceae. most of Asia
Ornamental plants:
Phlox stolonifera
AVIII Asparagus Yellowing in | Japan Fujisawa et
officinalis, young leaves al., 1986;
Chenopodiaceae, Hashimoto et
Solanaceae, and al., 2008; Park
Fabaceae etal., 2013
BaMV Poaceae, Severe Australia, Abe et al.,
Amaranthaceae, production China, 2019; Park et
Chenopodiaceae, | losses in Philippines, al., 2013
and Gramineae bamboo Taiwan,
shoot India,
Indonesia,
United States
CVX All species of cacti | Systemic United States, | Evallo et al.,
plants mottling and | Taiwan, 2021
reduced China, Korea
growth

CsCMV Manihot esculenta | Significant South Park et al.,
yield losses America, 2013; Zanini
In cassava China etal., 2021
crops from
30%-60%

CymMV Orchidaceae Significant Worldwide Frowd &
losses in Tremaine,
orchids 1977; Hu et
flowering al., 1993

CIYMV Fabaceae, Stunted with | United States, | Sit et al., 1990

Rosaceae, and bushy leaves | Canada,
Chenopodiaceae and yellowed | Russia,
veins Europe, and
Australia
DVX Chenopodiaceae, | Systemic New Zealand, | Forster &
Cucurbitaceae, necrotic and | North Milne, 1978
and Fabaceae chlorotic America




Table 1 (cont.) Review of potexviruses infection on crop losses

Potexviruses | Species infected Symptoms/ | Distribution | Citation
disease
impact
FoMV Sorghum bicolor Systemic United States | Bancroft et al.,
necrosis and 1991; Seifers
yield losses et al., 1999
in sorghum
HVX Hosta sp. Severe South Korea | Adedire et al.,
mosaic, and United 2009
tissue States
desiccation,
and reduced
growth of
host plants
HRSV Hydrangea Chlorotic Worldwide Yusa et al.,
macrophylla ringspots on 2016
leaves
LeVX Amaranthaceae Yellowing Worldwide Dizadji et al.,
and Asteraceae and necrosis 2008
in plant veins
LVX Lilium Systemic Worldwide Nijo et al.,
formosanum necrosis in 2018; Chen et
lily plants al., 2004
NMV Narcissus spp. Mild mosaic | Europe and Brunt, 1966
disease Japan
PapMV Carica papaya L. | Limit papaya | United States | Noa-
fruits and South Carrazana et
production America al., 2006
PepMOV Solanaceae Severe yield | Worldwide Gomez et al.,
losses in 2009; Jones et
tomato crops al., 1980
PIAMV* Liliaceae and Systemic Almost Tanaka et al.,
Solanaceae necrosis and | worldwide 2019;
losses in lily Komatsu et
tubers al., 2008
production
PAMV Solanaceae Typical Europe, Susaimuthu et
chlorotic China, and al., 2007; Wu
patches in United States | et al., 2018

infected leaf




Table 1 (cont.) Review of potexviruses infection on crop losses

plants when
it co-infected
with
potyviruses

Potexviruses | Species infected Symptoms/ | Distribution | Citation
disease
impact
PVX Solanaceae Systemic Worldwide Wright &
necrosis in Bishop, 1981
potato plants,
yield losses
of potato
crops
TVX Liliaceae Systemic Netherlands, | Sochacki &
necrosis Japan, New Komorowska,
Zealand 2012
ScaVX Allium chinense Yield losses | China Chen et al.,
in scallion 2001
plants
SMYEV Fragaria % Yield losses | Worldwide Jelkmann et
ananassa in strawberry al., 1990

4 PIAMYV was used as a plant virus models in this study.

No biotic vectors of potexviruses are known to date. However, they are easily transmitted
from infected to healthy plants by mechanical inoculation while workers or animals contact infected
plants. High levels of accumulation of potexviruses in their host plant would encourage their
distribution in the field by contact (Agrios, 2005; Hull, 2014). During postharvest storage,
potexviruses are commonly transmitted by infected tubers, bulbs, and seeds (Hanssen et al., 2009;
Klap et al., 2020; Tanaka et al., 2019). A recent study by Chang et al. (2017) found that the dipterans
insect could transmit bamboo mosaic virus from infected to healthy seedlings in a mechanical-like

manner. Finally, understanding how viruses transmit in their host is essential for developing effective

disease management measures.




1.3 Plantago asiatica mosaic virus (PLAMYV)

1.3.1 Natural host range of PIAMV

PIAMYV was firstly isolated from Plantago asiatica L. (Chinese plantain) in the Russian Far
East by Kostin & Volkov (1976), and for about the next 25 or more years, P. asiatica was the only
known natural host. However, additional natural hosts began to emerge in the early 2000s. The report
of PIAMYV infection in lilies (Lilium spp. and hybrids) in Japan (Ozeki et al., 2006; Komatsu et al.,
2008) was followed a few years later the emergence of PIAMYV in the commercial lily trade. Further
isolates were found in other plant species and countries, including P. asiatica in Korea (Lim et al.,
2016), Nandina domestica, and Viola grypoceras in Japan (Komatsu et al., 2017), Rehmannia
glutinosa in Korea (Kwak et al., 2018) and Japan (Uehara-Ichiki et al., 2018), and Stellaria media,

Primula vulgaris, and Urtica urens in the Netherlands (Kock et al., 2013).

1.3.2  Symptoms of PIAMV

The natural hosts of PIAMV vary in the degree of symptom expression. P. asiatica has been
reported to show mottling or mottled chlorosis (Lim et al., 2016), whereas other plants may show few
obvious symptoms depending on the environment or nutrient status. Symptoms between different lily
cultivars may vary widely, with some showing only mild mottling on the leaves while others may
show necrotic spotting or streaking on both the foliage and the sepals (Lim et al., 2016; Tanaka et al.,

2019).

1.3.3  Lineage of PIAMV
Domain: Virus
Realm: Riboviria
Kingdom: Orthornavirae

Phylum: Kitrinoviricota



Classes: Alsuviricetes
Order: Tymovrales
Family: Alphaflexiviridae
Genus: Potexvirus
Species: plantago asiatica mosaic virus
The information of lineage of PIAMYV was adapted from NCBI taxonomy database (Schoch, et al.,

2020).

1.3.4 Genome organization of PIAMV

PIAMYV has filamentous virions ranging from 490 to 530 nm in length, about 13 nm in width,
and 11 nm in diameter (Fig. 1.1A; Komatsu et al., 2008). PIAMV has a monopartite, single-stranded
RNA (ss), positive-sense (+) RNA genome capped at the 5’ end, and polyadenylated at the 3'-terminus.
The length of PIAMV RNA is approximately 6.1 kb. Similar to other potexviruses, the genome of
PIAMV has five open reading frames (ORFs). The first ORF encodes RNA-dependent RNA
polymerases (RdRp), which is essential for the replication of viral RNA. ORFs 2 (25 kDa), 3 (12
kDa), and 4 (13 kDa) are referred as triple-gene-block (TGB) proteins (TGBp1, TGBp2, and TGBp3).
These proteins play a key role in the viral movement in the host plant. In addition, TGBp1 possesses
RNA-silencing suppressor activity. ORF 5 (18 kDa to 27 kDa) encodes the coat protein (CP), whose
N-terminal is important for cell-to-cell and long-distance movement (Fig. 1.1B; AbouHaidar &
Gellatly, 1999; Minato et al., 2014; Solovyev et al., 1994).

Replicase encoded in ORF1 is translated directly from genomic RNA, as indicated by in vitro
experiments, while other proteins are translated from three subgenomic RNAs (sgRNAs) (Yoshida et
al., 2019). Only two sgRNAs are detected from plant tissues infected with PIAMV, sgRNA1 (about
1.9 kb in length) and sgRNA2 (about 0.8 kb). TGBp2 and TBGp3 are mainly translated from sgRNA1,

which encodes TGBpl in its most 5'-terminal ORF via leaky scanning. CP encoded in the most 3'-



terminal ORFS5 is likely to be translated from sgRNA2 (Figure 1.1B; Komatsu et al., 2008; Solovyev

et al., 1994; Minato et al., 2014).

(A)
(B) TGB proteins:
TGBp1, TGBp2, TGBp3
RdRp [ |
5 | Cap ORF1 ORF2 ORF4 ORF5 A(n) 3' gRNA
ORF3
MET HEL POL CP
domain domain domain

m’GpppG A(n) sgRNA1

m’GpppG ——\(1) SgRNA2

Figure 1.1 Properties of PIAMV. (A) The electron micrograph of PIAMV showing long filamentous
viral particles. From Komatsu, K with permission. (B) Genome organization (gRNA) and
two subgenomic RNAs (sgRNA1 and sgRNA2) of PIAMV. M’GpppG represents the cap
structure. A(n) represents the poly(A) tail. ORF1 encodes RNA-dependent RNA
polymerase, which possesses a methyltransferase domain (MET), a helicase domain
(HEL), and polymerase domain (POL); ORF2, ORF3, and ORF4 encode triple gene block

proteins ; ORFS5 encodes coat protein (CP). Figure adapted from AbouHaidar & Gellatly
(1999).



1.4 Infection steps of potexviruses

The high accumulation of plant viruses throughout their host plant is critical for virus survival.
A massive titer of virions may lead to systemic infection and facilitate both virus vertical and
horizontal transmissions of viruses (Hull, 2014). Plant viruses must complete their infection cycle,
i.e. replication, cell-to-cell, and long-distance movement (Fig. 1.2). Because plant viruses are obligate
intracellular parasites, they are dependent on the host plant to complete the infection cycle. The
infection cycle of viruses is a complex interplay between host cell factors and viral genomic function.

(Hipper et al., 2013).

1.4.1 Replication of potexviruses

One of the significant features of viruses is their ability to replicate their genomic nucleic acid
in the cells. Viruses code for the enzymes involved in the synthesis of their nucleic acids (Hull, 2014).
Replication of (+)-sense RNA genomes, including PIAMV, by the virus-encoded replicase, starts
with the synthesis of a complementary (-) strand using the (+) strand as a template, followed by a
synthesis of new (+) strands using the (-)-strand as a template. Synthesis of new RNA is from the 3'-
5" ends of the templates (Hull, 2014; Park et al., 2013).

ORF1 of PIAMYV encodes replicase, a putative RARP, which possesses enzymatic activities
involved in the replication of (+)-sense ssSRNA, including a methyltransferase domain/MET (aa 1-
405); an NTP-binding helicase domain/HEL (aa 540-914) and a polymerase domain/POL (aa 933-
1380) (Fig. 1.1B; Komatsu et al., 2008). PIAMYV replicase forms the high-molecular-weight complex,
called pre-membrane-targeting complex (PMTC), in soluble fractions. Likely that this PMTC is
subsequently targeted to the cellular membrane, possibly endoplasmic reticulum (ER), to form a

mature virus replication complex (VRC) (Komatsu et al., 2021).
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1.4.2 Cell-to-cell movement of potexviruses

Viruses move from their initially infected cell into neighboring cells to continue their infection
(Benitez-Alfonso et al., 2010; Carrington et al., 1996; Tilsner, 2013). This infection step is referred
to as cell-to-cell movement (Hull, 2014). For completing this step, viruses exploit the plasmodesmata
(PD), plant-specific intercellular nanopores that connect the plasma membrane, cytoplasm, and ER
through the cell wall (Tilsner et al., 2011). Most PD have a size exclusion limit (SEL) as large as 800-
1000 Da, indicating the upper size limit of a transported molecule is 1.5 nm in diameter. Thus the
SEL of PD is considerably smaller than the size of plant virus particles (Leisner & Turgeon, 1993;
McLean et al., 1993). In addition, viruses encode the movement proteins (MPs) to associate with PD,
increase the SEL, also interact with host cellular machinery for viral RNA/DNA trafficking between
cells (Lough et al., 2000).

ORF2,3 and 4 encode TGBps required for cell-to-cell movement, as mutations in these ORFs
prevent the development of systemic infection in plants but not of viral replication in protoplast
(AbouHaidar & Gellatly, 1999). In addition to TGBps, CP is required for cell-to-cell movement of
potexviruses (Lough et al., 2000; Ozeki et al., 2009; Park et al., 2013; Scholthof, 2005). The functions
of TGBps and CP are observed well in a new model for intercellular transport of PVX viral RNA
(VRNA). Microprojectile bombardment studies revealed that TGBpl and CP are co-translocated
between cells with viral RNA, known as ribonucleoprotein (RNP) complex (Lough et al., 2000). The
RNP complex requires TGBp2 and TGBp3, which are ER-located proteins to move through PD.
TGBp2 and TGBp3 are either involved in the intracellular transport or interact with the host’s cellular
machinery/docking sites at the PD (Lough et al., 2000). Tilsner et al. (2013) found that in the early
infection stage of PVX, TGBp2 is concentrated in lateral walls of PD rather than in ER. This finding
suggests that TGBp2 first target PD and then localize at the ER. TGBp3 also localizes at PD caps

with TGBp2 (also reviewed in Park et al., 2014 and Verchot-Lubicz, et al., 2010).
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1.4.3 Long-distance movement of potexviruses

After the completion of replication and cell-to-cell movement in the initially infected leaf,
viruses try to translocate to the rest of the plant, to establish the systemic infection. This infection
step is referred to as systemic or long-distance movement. Three stages characterize the long-distance
movement of plant viruses. First, viruses are loaded into the phloem sieve elements (phloem SEs) in
the veins of a source leaf, where photoassimilates are synthesized. Second, viruses translocate through
the phloem SEs from the source to sink tissues. Finally, after reaching the sink tissues, viruses are
unloaded from the phloem SEs to begin a new round of infection (Carrington et al., 1996; Leisner et
al., 1993; Seron & Haenni, 1996). Despite the general notion that the phloem is the main route for
long-distance movement, recent studies have also suggested that xylem tissues may provide an
additional/alternative pathway for the long-distance movement of plant viruses, including
potexviruses (Betti et al., 2012) and potyviruses (Mochizuki et al., 2016; Wan et al., 2015).

Long-distance movement involves viruses and host plant functions. Specific interactions
between viral or plant cellular factors are necessary for long-distance movement, to facilitate the virus
to load, translocate through, and unload from the phloem SEs (Carrington et al. 1996; Hipper et al.,
2013). CP and TGBI of potexviruses are needed to establish long-distance movement (Hipper et al.,
2013; Verchot-Lubicz et al., 2010). Potexviruses have been considered to move as a form of RNP
complexes or virions, which depend on the viral species. For instance, white clover mosaic virus
moves as RNP complexes (Lough et al., 2001), while PVX moves as virions (Betti et al., 2012).

However, the detailed information for the long-distance movement of PIAMYV is unknown.
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Figure 1.2 The general view of virus replication, cell-to-cell, and long-distance movement in the plant
cells. In the initial infected cells, virions are disassembled for replication and translation
of viral genome and move cell-to-cell between MS-BS-VP as virions or RNP complexes
through plasmodesmata. Virions or RNP complexes are loaded to phloem SEs to begin
the long-distance movement (1). Then, virion or RNP complexes translocate through
phloem SEs to reach uninfected cells in the sink tissues (systemic/upper leaves and roots)
(2). Finally, virions or RNP complexes unload from phloem SEs to set up new infection
steps (3). MS, mesophyll cells; BS, bundle sheath; VP, vascular parenchyma; CC,
companion cells; SEs, phloem sieve elements. Figure adapted from Hipper et al. (2013);

Leisner & Howell (1993).
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1.5  Host factors involved in long-distance movement of viruses

1.5.1 Vascular tissue in plant

Viruses take the same route that plants use to transport of the photoassimilates, for instance,
PD and phloem vasculature to establish long-distance movement (Seron & Haenni, 1996). Viruses
also follow the source-to-sink transportation of photoassimilates (Leisner & Howell, 1993). To reach
phloem SEs, viruses have to move between several different types of cells, which start from
mesophyll into specific phloem cells, including bundle sheath (BS), vascular parenchyma (VP) and
companion cells (CC), and load to phloem SEs. In addition, some viruses translocate into xylem-
associated cells from the VP. After loading to phloem SEs and/or xylem, viruses rapidly translocate
in phloem SEs to systemic tissues of the plant. Finally, viruses unload from the CC/phloem SEs
complex into VP-BS and mesophyll to complete the systemic infection (Figure 1.2; Dawson & Hilf,
1992; Nelson & van Bell, 1998; Hipper et al., 2013).

The leaf vein system is classified into major (classes I-III) and minor veins (classes IV-V)
(Roberts et al., 1997). Several studies have revealed that the loading of viruses occurred in both minor
and major veins of the inoculated leaf. In contrast, virus unloading occurs from major veins of the
uninfected leaf (Andrianifahanana et al., 1997; Cheng et al., 2000; Silva et al., 2002). In addition,
viruses can enter two structurally different types of phloem, the internal and external phloem, for their
upward to the sink leaves and downward movement to the roots (Cheng et al., 2000; Gosalvez-Bernal
et al., 2008; Ueki & Citovsky et al., 2007).

Viruses specifically interact with the host factors to move through the boundaries between the
phloem cell types. In the absence of compatible interaction, viruses are unable to establish long-
distance movement, indicating that these boundaries can act as natural barriers for virus movement
(Ueki & Citovsky et al., 2007). Ding et al. (1996) found that systemic infection by a masked strain of

tobacco mosaic virus (M-TMV) is delayed because M-TMV is unable to efficiently enter the
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companion cells. In cucumber plants, systemic infection of a chimeric cucumber mosaic virus (CMV)
expressing CP of the Florida strain of tomato aspermy virus (TAV) was restricted at boundaries
between BS and VP (Thompson and Garcia-Arenal, 1998). At last, the efficiency of cell-to-cell
movement can affect the long-distance movement of viruses, and these two interconnected processes
are difficult to distinguish (Waigmann et al., 2004). In chapter III, I discussed the effect of ASM

treatment on the cell-of-cell and its relation to the long-distance movement of PIAMYV in phloem SEs.

1.5.2 Plant immune system

Two classes of plant immune receptors are critical for defense activation. One is pattern-
triggered immunity (PTI); its signaling is initiated by microbe-associated molecular patterns
(MAMPs) (Bigeard et al., 2015). Another mode of induced immunity in plants is called effector-
triggered immunity (ETI) (Bektas & Eulgem, 2015). ETI signaling is initiated by disease resistance
(R)-genes, which recognize the presence or activity of effectors from plant pathogens (Qi etal., 2011).
Numerous studies have shown that ETI and PTI utilize the phytohormones salicylic acid (SA),
ethylene (ET), and jasmonic acid (JA) (Glazebrook, 2005). While PTI and ETI are local responses
limited to infected pathogen tissues, plants also activate long-lasting systemic immunity. Local
interactions between plant and pathogen can initiate this systemic immunity, resulting in systemic
acquired resistance (SAR). On the other hand, induced systemic resistance (ISR) can be triggered by
the strains of non-pathogenic plant growth-promoting rhizobacteria (PGPR) (Bektas & Eugem, 2015;
Pieterse et al., 1998).

SAR mediates long-lasting, broad-spectrum resistance to a wide range of pathogens in
uninfected tissues and organs. SA is an essential component in the signal transduction pathway
leading to SAR accompanied by pathogenesis-related (PR) gene expression (Ward et al., 1991;
Naylor et al., 1998). Salicylic acid (SA; 2-hydroxybenzoic acid) is one of many phenolic compounds

that plants were synthesized. In addition to its essential role in disease resistance, SA 1is a critical
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hormone that plays direct or indirect roles in regulating many aspects of plant growth and
development and thermogenesis (Dempsey & Klessig, 2017).

Previous studies have reported that SA-mediated defense restricts viral infection steps (Huang
et al., 2019; Naylor et al., 1998; Murphy et al., 2001). The replication of PVX (Naylor et al., 1998)
and TMV (Chivasa et al., 1997) was suppressed by SA treatment. Huang et al. (2020) found that SA
treatment induces PD closure, thus impeding the cell-to-cell movement of the tobacco rattle virus. In
addition, the loading of CMV into the vasculature at the point of inoculation was restricted by SA
treatment (Naylor et al., 1998).

NONEXPRESSOR OF PATHOGENESIS-RELATED GENESI, 3, and 4 (NPR1, NPR3, and
NPR4) are the receptors of SA that function as transcriptional regulators. As SA receptors, NPR1
functions as a transcriptional activator promoting SA-induced defense gene expression (Chen et al.,
2021). Loss of NPR1 results in reduced PR gene expression and increased susceptibility to pathogens
(Cao et al., 1994; Delaney et al., 1995). In addition to regulating the level of NPR1 protein, NPR3
and NPR4 serve as redundant transcriptional co-repressors that prevent activation of defense gene

expression when SA levels are low (Chen et al., 2021).

1.5.3  Function of callose in plasmodesmata

It has been described in the previous chapter that successful systemic infection by plant
viruses depends on symplastic viral movement between the PD of the cells (subchapter 1.3.6;
Folimonova & Tilsner, 2018). The permeability of PD is regulated by the accumulation of callose (-
1,3-glucan), which significantly impacts the cell-to-cell diffusion of molecules in plant tissues (Wu
et al., 2018; Zavaliev & Epel, 2015). Callose is a linear amorphous wall polysaccharide formed by a
B-1,3-linked homopolymer of glucose that contains -1,6-branches. Callose is specifically enriched
in the extracellular space between the cell wall and the PD, where it spans the entire length of the PD

channel or is concentrated on PD neck regions (Sager & Lee, 2018).
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Functionally, callose accumulation reduces the permeability of PD and eventually leads to PD
closure by narrowing the cytoplasmic sleeve at the PD orifice. In contrast, callose degradation
increases the permeability of PD (Sager & Lee, 2014; 2018). Two antagonistic enzymes highly
regulate the level of callose: callose synthase (CalS) or glucan synthase-like (GSL) is callose synthase
enzyme, while B-1-3-glucanases (GLU/in some papers are abbreviate in BG) are the hydrolytic
enzymes which degrade callose (Koziel et al., 2021; Nedukha, 2015; Wu et al., 2018; Zavaliev et al.,
2011).

Callose plays an essential role in controlling the transportation of molecules and water, pollen
development, cell growth and differentiation, and responses to biotic and abiotic stresses (Barratt et
al., 2009; Chen et al., 2009; Cui et al., 2016; Wang et al., 2021; Wu et al., 2018). Callose deposits at
cell plates during differentiation of cells, but it degrades from the new cell wall after the completion
of cell division except in the portions of cell walls adjacent to PD (reviewed in Sager & Lee, 2018).
A high abundance of callose finds in new sieve pores, which plays a significant role in regulating the
transportation through symplast. Callose is engaged in forming pores in sieve plates and their closing
as well. Thus, callose plays an important role in intracellular communications of plant organs and
tissues (Nedukha, 2015).

Apart from these functions in the development of cells, callose is also highly deposited in PD
as a response to various abiotic (wounding, temperature, chemical treatment, and metal toxicity) and
biotic stresses (pathogen and insect invasion) (Cui et al., 2016; Ellinger & Voigt, 2014; Lucas et al.,
1993; reviewed in Levy & Epel 2009; Wang et al., 2021). As reviewed in Zavaliev et al. (2011),
callose deposition appears to be nonspecific defense response to infection by many pathogens, but
there have been several reports suggesting that it is presumably aimed at restricting pathogen invasion
and/or spread. For instance, in response to fungal and bacterial infections, callose-rich papillae are

formed at pathogen penetration sites between the plasma membrane and the cell wall. Indeed, several

17



previous studies suggested that callose accumulation also plays a key role in resistance response
against viruses. For instance, a high accumulation of callose was detected in leaf tissues around
necrotic lesions formed by N-gene-mediated resistance against TMV in tobacco plants (Beffa et al.,
1996). In accordance with this finding, cell-to-cell movement of TMV and long-distance movement
of PVX were restricted in the GLU I -deficient mutant, which shows an elevated deposition of callose
(Iglesias & Meins Jr., 2000). Callose also accumulates as a systemic response to viral infection in a
resistant host, which is correlated with the development of SAR to TMV infection (reviewed in
Zavaliev et al., 2011). These findings prompt us to investigate the mechanism of callose deposition

in the long-distance movement of PIAMV.

1.6 Control of plant virus disease
As reviewed in Table 1, viruses cause considerable yield losses, and taking efficient control
measures can significantly prevent virus disease from occurring in the field (Gergerich & Dolja,
2006). Several practices have been introduced in the field to control the virus disease. For instance,
eradication of the virus-infected crop and weeds by burning and burying (Sosnowski et al., 2009),
crop rotation (Curl, 1963), improving worker hygiene (Hull, 2014), and changing planting dates (Hull,
2014). However, these measures offer no effective and permanent solution to control virus disease in
the field (Hull, 2014). Maury et al. (1998) also proposed using virus-free seeds to control viral
transmission between host plants. It is feasible to monitor the manifestation of viruses in seeds and
to certificate the virus-free seeds by serological techniques. However, the production of antisera for
this technique is lengthy, unpredictable, and costly (Rubio et al., 2020).
To date, there is no available compound to cure plants infected with viruses (Faoro & Gozzo,

2015). However, chemical pesticides are commonly used to control viral vectors. Hull (2014) divided
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vectors into air-borne and soil-borne. Insecticides can be used to control air-borne vectors, for
example, insects in Family Aphididae, while to control the soil-borne virus, fungicide is used for the
fungal-transmitted virus, and nematicide for the nematode-transmitted virus. Therefore, to approach
the effective management of insect vectors in the transmission of viruses, it is crucial to identify the
vectors, which is sometimes difficult (Hull, 2014). Another issue appeared when Castle et al. (2009)
found Bemisia tabaci and Myzus persiscae as vectors of cucurbit yellow stunting disorder virus that
are likely to develop resistance to the insecticide. Moreover, improper and long-term use of pesticides
is the main issue for human and environmental health (Mrema et al., 2013).

Using plant-resistant variety to manage viral infection is the favored control strategy because
it is highly effective and has a minimum deleterious effect on the environment (Kang et al., 2005). A
resistant cultivar can be achieved by Mendelian inheritance, finding natural resistance genes, and
genetic engineering. However, the durability of resistant cultivars is not permanent because of the
ability of viruses to mutate and thus counters the resistance (Garcia-Arenal et al., 2003). For instance,
for many decades, potato resistance cultivar USDA 4195 had been considered immune to PVX,

although the mutated virus was discovered to be able to infect this plant.

1.6.1 Acibenzolar-S-methyl (ASM) treatment to suppress viral infection

Synthetic chemicals called plant activators (PA) are proposed as crop protection practices due
to their function to induce plant defense responses. S-methyl benzo[1,2,3]thiadiazole-7-carbothiate
or acibenzolar-S-methyl (ASM) is the first commercial product of PA that is marketed under the trade
names BION®, ACTIGARD®, and BOOST®. ASM mimics the function of SA in restricting
infection by plant viruses (Vlot et al., 2009; Oostendorp et al., 2001; Pieterse et al., 2012; Murphy et
al., 2020; Matsuo et al., 2019; Ishiga et al., 2020, 2021; Noutoshi et al., 2012; Takeshita et al., 2013).
Matsuo et al. (2019) found that ASM-mediated defense requires the NPRI gene to suppress the

infection of PIAMV.
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In the field trial, ASM treatment with doses 12-37 g/ha successfully reduced the disease
symptoms of TMV, CMV, and potato virus Y up to 60% in tobacco plants (reviewed in Oostendorp,
2000). Meanwhile, in the lab trial, ASM treatment reduced symptoms severity and delayed disease
progression of the insect-borne virus, for instance, CMV and cucurbit yellow stunting disorder virus
in melon plants (Kenney et al., 2020). In a previous study, we found that pre-treatment of N.
benthamiana with ASM restricted infection by three viral species, PIAMV and PVX from the genus
Potexvirus, and turnip mosaic virus (TuMV) from the genus Potyvirus in the inoculated cells. ASM
delayed PIAMYV replication and long-distance movement, but did not restrict cell-to-cell movement.
Furthermore, the delayed long-distance movement of PIAMYV by ASM was not due to the suppression
of viral accumulation in the inoculated leaves, indicating that ASM restricts PIAMYV infection in at
least two independent steps (Matsuo et al., 2019). The detailed mechanism of ASM-mediated delay

on long-distance movement will be explained in the following chapters.

Figure 1.3 A molecular structure of acibenzolar-S-methyl (ASM). Figure adapted from Oostendorp
et al. (2000).
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1.7 Research objectives

Concerning our previous findings, ASM treatment restricted viral replication and long-

distance movement but did not restrict cell-to-cell movement. Thus, it is of interest to elucidate the

mechanism by which ASM delays the long-distance movement of PIAMV. In order to elucidate when

and where ASM delays the long-distance movement of PIAMV, I carried out the experiment by using

fluorescence microscopy to monitor the cell-to-cell and long-distance movement of PIAMV-GFP and

investigate the accumulation and localization of PIAMV-GFP in the vascular tissues. This study was

conducted with the following objectives: to evaluate the effect of ASM on loading (1), translocation

(2), and unloading (3), and analyze the function of callose deposition in ASM-mediated restriction of

long-distance movement of PIAMV-GFP (4). I divided the results into five chapters:

1.

2.

ASM treatment delays loading of PIAMYV in an inoculated leaf

ASM treatment reduces viral accumulation in vascular tissues of the main stem.

Downward movement of PIAMV-GFP in the main stem is not essential for ASM-mediated
delay of systemic infection.

ASM treatment affects the eventual viral localization and reduces its accumulation in sink
organs.

ASM-mediated restriction on the loading of PIAMV is callose deposition-independent.
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CHAPTER 2
MATERIALS AND METHODS

2.1.  Plant materials and ASM treatment

Nicotiana benthamiana plants were grown in a growth chamber under a 16/8 light/dark cycle
at 25°C. ASM (50% by weight active ingredient; Actigard®, Syngenta, Tokyo, Japan) was dissolved
in water containing 0.004% by volume Silwet L-77 (Nippon Unicar, Kanagawa, Japan) to a final
concentration of I mM. Water containing Silwet L-77 was used as a control. One-fully and expanded
upper leaf of N. benthamiana (thirty-day-old) was sprayed with ASM and control by foliar spraying

about three times and incubated in the same condition with the growth condition (Matsuo et al., 2019).

2.2 Agroinfiltration and Purification of PIAMV-GFP

In this study, we used GFP-expressing plantago asiatica mosaic virus (PIAMV-GFP), whose
GFP is expressed as a fusion protein with its coat protein. The fusion protein is cleaved after
translation via the foot-and-mouth disease virus (FMDV) 2A peptide (Minato et al., 2014; Fig. 2.1).

Agrobacterium tumefaciens harboring a binary plasmid of PIAMV-GFP (preserved in 50%
sterile glycerol) was cultured in 4 ml of 2 x YT liquid medium (16 g tryptone, 10 g yeast extract, 5 g
NaCl/1000 ml) containing 100 mg/L kanamycin in the shaker incubator at 180 rpm, 28°C, for 24 h.
A. tumefaciens cells were harvested by centrifugation (5000 rpm) for 15 min at 28°C and resuspended
in agroinfiltration buffer (10 mM MES, 10 mM MgCl,, 200 uM acetosyringone, pH5.6) to an optical
density at 600 nm=1.0. The resuspended culture was incubated for three hours at room temperature
in the dark and infiltrated to mature N. benthamiana leaves. Inoculated plants were incubated in the
same condition as a growing condition for ten days. The upper leaves that showed the massive

accumulation of GFP fluorescence were harvested for virion purification (Matsuo et al., 2019).
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Purification of PIAMV-GFP was performed as described previously (AbouHaidar et al., 1998)
with slight modifications. PIAMV-GFP-infected upper leaves were ground into a fine powder by
liquid N> and suspended in the extraction buffer (0.067 M phosphate buffer, pH 7.0, containing 10
mM EDTA and 0.2% B-mercaptoethanol) of about 3 ml/g of leaves. Then, the homogenized mixture
was filtrated through two layers of Miracloth (Merck Millipore, Darmstadt, Germany). n-butanol was
added to this solution to a final concentration of 6% and mixed by stirring for 45 min on ice. Next,
the supernatant was collected by centrifugation (9,500 rpm) for 15 min at 4°C. Virions were
precipitated from the supernatant by adding polyethylene glycol (PEG) #6000 (Nacalai Tesque, Inc.,
Kyoto, Japan) to a final concentration of 8% in the presence of 2% NaCl and 2% of Triton X-100,
and the mixture were homogenized by stirring for 60 min on ice. Then, pellets were collected by
centrifugation (9,000 rpm) for 15 min at 4°C and resuspended in 0.2 M of PBS containing 0.002 %
(w/v) MgCl, without vortexing. Virus solutions were incubated for about five days by rotating at 4°C.

After incubating, the solutions were centrifugated at 8,000 rpm for 15 min at 4°C to collect
the supernatant. The supernatant was overlaid onto sucrose cushion solution (30 % (w/v) sucrose in
0.067 M PBS pH 7.0). Virions of PIAMV-GFP were pelleted by ultracentrifugation at 50,000 rpm
for 3 h at 4°C. The pellets were precipitated with 30 pl/g of leaves of PRI water (1 ml of RNase-free
water (Funakoshi, Tokyo, Japan) containing 4 pl/ml (v/v) of recombinant RNase Inhibitor (Takara
Bio, Shiga, Japan). The concentration of virions of PIAMV-GFP was measured by NanoDrop 1000
spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). The standard of viral purity
(A260/A280 ratio) is 1.2 for potexviruses and viral concentration (ng/ul) was obtained by dividing

absorbance 260 nm by three. The purified virions were stored at -80°C until use.
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2.3 Virus inoculation and visual observation of GFP fluorescence

Three days after spraying with ASM or water, the purified virions of PIAMV-GFP were
mechanically inoculated to the ASM or water-treated leaves using carborundum as an abrasive
(Matsuo et al., 2019). The virions were used to inoculate ASM-treated or water-treated leaves with
virus titers, that can produce about 20-30 GFP lesions per leaf. The inoculated plants were incubated
in a chamber under the same conditions as described above. Infectivity of N. benthamiana was
evaluated by observing GFP fluorescence (Fig. 2.2). Fluorescent images of inoculated leaves, stems,
and upper leaves of the plant inoculated with PPAMV-GFP were acquired using a handheld UVGL-
58 UV lamp (Funakoshi, Tokyo, Japan) and EOS 90D camera (Canon, Tokyo, Japan), with an

exposure time of 8 sec. The numbers of fluorescent spots in each image were counted manually.

2.4 Evaluation of systemic infection by detachment of inoculated leaves

An inoculated leaf with petiole was detached from N. benthamiana plant using a sterile razor
blade, each day between 3 and 9 days post-inoculation (dpi). Systemic infection by PPAMV-GFP in
the upper leaves and the main stem was evaluated at 15 dpi based on visual observations of GFP
fluorescence under a UV lamp. This experiment was repeated twice with three plants per detaching

day.

| o SR

5 Cap ORF1 ORF2 ORF4
ORF3

Figure 2.1 The genome structure of PIAMV expressing green fluorescent protein (PIAMV-GFP). A
diagonally hatched boxes represent FMDV 2A peptide. ORF1 encodes RNA dependent
RNA polymerase; ORF2, ORF3, ORF4 encode triple gene block proteins; ORFS5 encodes
coat protein (CP). Figure was adapted from Minato et al. (2014).
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Figure 2.2 Infection with PIAMV-GFP does not cause severe symptoms in Nicotiana benthamiana
(left panel), but its infectivity can be evaluated by observing GFP fluorescence (right panel,
GFP is shown as green color). The photograph in systemic leaves were taken under UV

light at 15 dpi.

2.5 RNA extraction

Total RNA was extracted from various parts of ASM-treated and control plants at 3, 4, 6, and
9 dpi using ISOGEN reagent (Wako, Osaka, Japan) following the manufacturer’s instruction with
slight modification. Plant parts included the petiole of the inoculated and upper leaves (leaf base)
(Fig. 2.3), one internode of stem above and below the inoculated leaf, the basal stem (located below
the hypocotyl leaves), and the primary root were cut about 10 mm to extract their total RNAs (Fig.
2.4). The samples were ground into a fine powder by liquid N> and added with 1 ml of ISOGEN
reagent. Then, this mixture was centrifugated at 15,000 rpm for 8 min or 10 min for stems and roots
at 4°C. Chloroform (200 pl/sample) was added into the resultant supernatant with vortexing for about

15 s and centrifugated at 15,000 rpm for 10 min at 4°C. Total RNAs from the supernatant were
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precipitated with 500 ul 2-propanol (for 500 ul supernatant) and incubated for 20 min at room
temperature. Pellets containing total RNAs were collected by centrifuge at 15,000 rpm for 20 min or
30 min for stems and roots at 4°C. Pellet was rinsed with 1 ml of 70% ethanol followed by
centrifugation at 15,000 rpm for 5 min at 4°C. Afterward, the supernatant was discarded, and the
pellet was air-dried at room temperature for about 5 minutes. The pellets were redissolved in 30 ul
PRI water, and total RNAs concentration (ng/ul) was evaluated using NanoDrop 1000

spectrophotometer.

2.6 Detection of RNAs by RT-PCR and quantitative RT-PCR

About 500 ng of total RNA was reverse transcribed into cDNA using PrimeScript™ Reverse
Transcriptase (Takara Bio) according to the manufacturer’s instruction. Reverse-transcription PCR
(RT-PCR) was performed using KOD FX Neo (Toyobo, Osaka, Japan) with the following conditions:
2 min at 94°C followed by 35 cycles 98°C for 10 s, 55°C for 30 s, and 68°C for 1 min, ending with
68°C for 7 min. The primer pair PIAMV uni-F4 (5'-CTCTCRGGVCTCATHYTWYTACT-3") and
PIAMYV uni-R4 (5'-TAAGTTTGRCRATRCGTGGA-3") was used to amplify the overlapping region
corresponding to the triple gene block (TGB) proteins 2 and 3 into 3’ untranslated regions of the
PIAMV-GFP genomic RNA. Resultant PCR products were electrophoresed in 1% agarose gel at 135
volt for 25 min. 1 kb DNA ladder (#N3232S, New England BioLabs, Massachusetts, USA) was used
to identify the approximate size of DNA. After the gel electrophoresis, DNA was stained with
ethidium bromide for 20 min and DNA was visualized with UV transilluminator at time of exposure
is 1 min. The image of gel was photographed with the polaroid camera.

For quantitative RT-PCR (RT-qPCR), about 2,000 ng of total RNAs of each sample were
treated with RQ1 RNase-free DNase (Promega, Wisconsin, USA) and about 1,000 ng of DNase-

treated total RNA were reverse transcribed using SuperScript® IV Reverse Transcriptase (Thermo
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Fisher Scientific, Lithuania) following manufacturer protocols. For monitoring PIAMV RNA
accumulation, synthesized cDNA was used for RT-qPCR by using the Thermal cycler dice real-time
system II MRX [TP960] (Takara Bio) with GoTaq qPCR master mix (Promega) with the following
condition: enzyme activation at 95 °C for 2 min, followed by 40 cycles at 95°C for 5 sec and 60 °C
for 30 sec. The dissociation protocol is added after the final PCR cycle. /18S ¥rRNA was used as the
internal standard. The primer sets used for RT-qPCR were: PIAMV-3877F (5'-
CCTCATTCTCCCTGCTGAAG-3") and PIAMV-4010R (5'-CTTGAGGGGGTCTTTGATGA-3")
(Tanaka et al., 2019). Nb18S-193F (5'-ATA CGT GCA ACA AAC CCC GAC-3') and Nb18S-280R
(5'-TGA ATCATCGCAGCAACG G-3') for 185 rRNA (Hashimoto et al., 2012). The standard curve
for PIAMYV is y=-3.333In(x)+23,8 and for /8S ¥rRNA is y= -3.527In(x)+12.94 (Matsuo et al., 2019).
Thermal Cycler Dice® Real Time System (Takara) was used for analyzing the result. This experiment

was repeated twice with three plants each, with and without ASM treatment.

Class |l

Figure 2.3 Illustration of a position of sampling in N. benthamiana leaf: major veins of class I and

class II and leaf base (petiole) of the inoculated leaf.
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(B)

(C)

Figure 2.4 Illustration of the positions of the stem segments of N. benthamiana of one internode of
stem above (A), stem below (B) the inoculated leaf, and the basal stem (located below the
hypocotyl leaves) (C) (indicated by red boxes). The inoculated leaf indicated by a white

star.

2.7 Cryohistological Protocols and Confocal Laser Scanning Microscopy (CLSM)
Cryohistological preparation was performed as described previously (Kawamoto &
Kawamoto, 2014; Knapp et al., 2012) with slight modifications. Plant tissues, including major veins
of class I and II, petiole (leaf base) of the inoculated and upper leaves (Fig. 2.3), and stems were
vacuum-infiltrated with 4% paraformaldehyde fixation solution (Knapp et al. 2012) for 3 h at room
temperature then moved to 4°C for overnight incubation. The fixation solution was replaced with
phosphate-buffered saline (PBS, pH 7.0) and the samples were incubated for 15 min. PBS was then

replaced with 20% sucrose and the samples were left at 4°C overnight. The samples were embedded
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in super cryoembedding medium (SCEM; SECTION-LAB, Hiroshima, Japan) as described by
Kawamoto and Kawamoto (2014). The SCEM-frozen blocks with the samples were sectioned using
a cryostat CM3050S (Leica Microsystem GmbH, Wetzlar, Germany) with the blade angle at 5°. The
sectioned samples (10 um thickness) were adhered to 2.5-cm wide cryofilm type 2C(9) (SECTION-
LAB, Hiroshima, Japan) and incubated inside a cryostat for two hours. The cryofilm was then placed
on Platinum Pro adhesive glass slides (Matsunami Glass, Osaka, Japan) and washed with PBS for 45
min. After PBS was dried at room temperature, the samples were mounted in ProLong™ Diamond
Antifade Mountant (Thermo Fisher Scientific) according to the manufacturer’s instructions, and
covered with micro slide covers with 0.12-0.17 mm thickness (Matsunami Glass). The sectioned
samples were imaged using a confocal laser scanning microscope LSM-710-NLO (Carl Zeiss, Jena,
Germany) with a Plan-Apochromat 40 x/0.95 Korr M27 objective lens. Argon lasers with 405 nm
and 488 nm excitation beams were used for detection of Fluorescent brightener 28 and GFP,
respectively. ZEN 2012 software was used for image processing. This experiment was repeated twice
with three plants each, with and without ASM treatment. Microscopy observations were conducted

with 6 sections in each repetition.

2.8  Steaming treatments

Six-week-old N. benthamiana plants were used for steaming treatments. One internode of the
main stem below an ASM-treated or untreated leaf was treated with a jet of steam generated by boiling
water for about 15 s (Mochizuki et al., 2016; Wan et al., 2015) with boiling stone (Nacalai Tesque,
Kyoto, Japan) was used to keep the temperature. The ASM-treated or untreated leaf was inoculated
with virions of PIAMV-GFP at 6 hours after the steaming treatment. Systemic infection of PIAMV-

GFP in the upper leaves and the main stem was evaluated at 14 dpi. The destroyed cells in the stem
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were observed using cryohistological protocols as described above. This experiment was repeated

independently three times with three plants each time.

2.9 Callose staining in a phloem sieve plate

Callose staining was conducted as described previously (Barrat et al., 2010; Zavaliev & Epel,
2015). 0.01% (w/v) aniline blue (Sigma Aldrich) solution in 0.1 M sodium phosphate buffer (pH 11)
was incubated for about 48 h at room temperature before use to decolorize the solution followed by
filtering through a Millipore filter (Merck Millipore 0.45 um, Carrigtwohill, Ireland) to storage for
about one week. One entire inoculated leaf with petiole of infected N. benthamiana at 9 dpi was
gently submerged in 96% ethanol overnight at room temperature in the dark. The petiole (leaf base)
and major vein of class I were trimmed for about 1 cm using a sterile razor blade and incubated in
sterilized water containing 0.01% Tween-20 for 1 h. Afterward, the samples were gently dried by
wipes and embedded in 5% agar (Nacalai Tesque, Kyoto, Japan). Microslicer DSK-1000 (Dosaka
EM CO., LTD, Kyoto, Japan) was used for sectioning the samples (80-100 pm), and the sectioned
samples were incubated in decolorized 0.01 % aniline blue solution described above for about 15 min.
The sectioned samples were then washed with PBS three times and placed on micro slide glass with
thickness of 0.8-1.0 mm (Matsunami Glass). PBS and micro slide covers with 0.12—0.17 mm
thickness were used for mounting and covering the sectioned samples, respectively. The sectioned
samples were imaged using the epifluorescence microscope Olympus BX-50 (Olympus, Tokyo,
Japan) with filter for CFP XF 88-2 (Olympus), and Plan-Apochromat 20 x was used as the objective

lens.
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2.10  Statistics
The RT-qPCR results were analyzed in a one-way analysis of variance (ANOVA) using R
version 3.6.0 (R Core Team, 2019) and the post-hoc Student’s ¢ test at the confidence level of 95%,

to evaluate statistically significant differences between the data.
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CHAPTER 3
ASM TREATMENT DELAYS LOADING OF PLAMV
IN AN INOCULATED LEAF

3.1 Introduction

To start the long-distance movement, plant viruses load into phloem vascular tissues in the
initially infected plant parts. The first step in this process involves cell-to-cell movement through
nonvascular tissue via small apertures of the plasmodesmata (PD) in the mesophyll, bundle sheath
(BS), and vascular parenchyma (VP) cells. Finally, viruses cross the specialized branched PD
connections known as plasmodesmal pore units (PPUs) to load into the phloem sieve elements
(phloem SEs) and move systemically. Once viruses are translocated in enucleated phloem SEs,
viruses follow the source-sink transportation of photoassimilates (Hipper et al., 2013; Leisner et al.,
1993).

The phloem SEs not only provide the allocation of photoassimilates, but also enables the rapid
and systemic distribution of host components, for instance, amino acids, secondary compounds,
RNAs (mRNA and tRNA), micro-RNAs, and small molecules involved in plant responses, including
defense-related response, development, flowering, also gene regulation by RNA silencing (Kehr &
Buhtz, 2007; Turgeon & Wolf, 2009). Due to the critical function of phloem SEs, PPUs exhibit an
increased size exclusion limit (SEL), which allows host components to diffuse into phloem SEs
without any specific interaction. In contrast, this increased SEL does not enable the movement of
viral particles (virions or infectious ribonucleoprotein (RNP) complexes) into phloem SEs, because
viral particles are much larger than the SEL of PPUs (Carrington et al., 1996; Leisner & Turgeon,

1993; Kappagantu et al., 2020).
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The most well-studied barrier to the long-distance movement of plant viruses resides in the
loading step, in particular, viral entry into the phloem SEs from the companion cells (CC)
(Folimonova & Tilsner, 2018; Lucas & Gilbertson, 1996; Mekuria et al., 2008; Vuorinen et al., 2011).
Restricting viral loading can confer the host plants resistance to the viruses (Hipper et al., 2013;
Leisner & Howell, 1993; Navarro et al., 2019; Zhang et al., 2019).

Indeed, Revers et al. (2003) and Decroocq et al. (2006) found that the resistance of
Arabidopsis thaliana accession Cvi-1 to potyviruses (i.e., lettuce mosaic virus and plum pox virus)
was due to the restrictions in phloem loading, which prevented accumulation of the viruses in
uninoculated leaves. Similarly, the restriction of systemic infection by cowpea chlorotic mottle virus
(CCMV-S) in soybean accession PI 346304 was caused by blocks in viral loading into and/or viral
unloading out from the vascular tissues (Goodrick et al., 1991). Furthermore, the confinement of virus
to the inoculated leaves underlies the resistance of A. thaliana ecotype En-2 to cauliflower mosaic
virus and the resistance of cucumber to tomato aspermy virus (1-TAV strain) (reviewed in Lucas &
Gilbertson, 1996). However, the detailed mechanisms underlying the restriction of viral long-distance
movement remain unknown.

Our previous study found that pre-treatment of plant defense activators, acibenzolar-S-methyl
(ASM) restricted infection by potexvirus, plantago asiatica mosaic virus (PIAMV) in Nicotiana
benthamiana. This treatment restricted viral replication and long-distance movement, but did not
restrict cell-to-cell movement (Matsuo et al., 2019). Because the cell-to-cell movement was as
efficient in ASM-treated leaves as in untreated leaves, the ASM-mediated delay in viral long-distance
movement was not caused simply by the suppression of viral accumulation in the ASM-treated,
inoculated leaves (Matsuo et al., 2019). ASM-mediated delay of the long-distance movement of

PIAMYV may occur either in the three steps involved in viral long-distance movement (loading into,
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translocation inside, and unloading from phloem SEs). Therefore, in this chapter, we evaluated the

effect of ASM treatment on the viral loading in the inoculated leaves.

3.2 Result

3.2.1 ASM treatment delays loading of PIAMYV in an inoculated leaf

Our previous study has shown that pre-treatment of a leaf of N. benthamiana with ASM
significantly delayed the long-distance movement of PIAMV-GFP (Matsuo et al., 2019). To analyze
how this treatment restricted viral movement, I first examined the timeline between ASM treatment
and the delay in long-distance movement. I treated young leaves (the third leaf from the top of each
plant) of N. benthamiana plants with 1 mM ASM or water as a control. Then the leaves were
inoculated with PIAMV-GFP at 3 days after treatment. The titer of PIAMV-GFP used to inoculate
control leaves was adjusted to be lower than that used to inoculate the ASM-treated leaves, to produce
similar number of fluorescent spots in each leaf (Matsuo et al., 2019; Fig. 3.1). Observation of the
development of fluorescent spots throughout each inoculated leaf revealed that ASM treatment has
no or negligible effects on the cell-to-cell movement of PIAMV-GFP, as reported previously (Matsuo

et al., 2019; Fig. 3.1).
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Detachment days
ASM

1mM Mock 3 dpi

6 dpi

(+)

Figure 3.1 ASM-treated (+) or untreated control (-) leaves of N. benthamiana inoculated with PIAMV-GFP. Photographs were taken under

a UV light at 3 up to 9 dpi prior detaching. Bars, 1 cm. The experiment was repeated twice with three plants for each treatment.
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I used groups of treated and control N. benthamiana plants, and from 3 to 9 days post-
inoculation (dpi), I detached the entire inoculated leaf, including the petiole, from six plants in each
group. I then investigated the viral systemic infection at 15 dpi, which was visualized by GFP
fluorescence in the upper uninoculated leaves. I expected that viral systemic infection would not
occur when the inoculated leaf was cut off before the virus reached the vasculature, and it would
occur when the inoculated leaf was cut off after virus successfully entered the vasculature.

As shown in Figure 3.2, viral systemic infection was not detected at 15 dpi in any control or
ASM-treated plants when the inoculated leaf was detached at 3 dpi. Viral systemic infection was
observed in five control plants when their inoculated leaves were detached at 4 dpi, and in all six
control plants when the leaves were detached at 5 dpi or later (Fig. 3.2). These results indicated that
without ASM treatment, PIAMV might enter the vasculature in the inoculated leaf between 3 and 4
dpi. In contrast, no sign of viral systemic infection was detected in any ASM-treated plants whose
inoculated leaves were detached at 4 to 6 dpi. However, limited infection was observed in the upper
leaves of four or all six ASM-treated plants when leaf detachment was done at 7 to 9 dpi. This result
suggested that ASM treatment drastically delayed the entry of PIAMV into the vascular system in the

inoculated leaves.
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Detachment days

ASM 1mM Mock

(+)

Figure 3.2 Observations of systemic infection of N. benthamiana plants by PIAMV-GFP following detachment of the inoculated leaves. The
PIAMV-GFP-inoculated leaves were removed at 3 to 9 dpi, from either untreated plants (-; upper panels) or ASM-treated plants
(+; lower panels). Uninoculated plants (Mock) were used as negative controls. Representative photographs were taken under a
UV lamp at 15 dpi. The numbers within each photograph indicate the number of plants that showed systemic infection per total

tested plants. Bars, 5 cm. The experiment was repeated twice with three biological replicates each.
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To validate the conclusions from the detachment assay, I used RT-PCR to analyze the effect
of ASM treatment on the long-distance movement of PPAMV-GFP. In this experiment, the inoculated
leaves were not detached after virus inoculation. To clarify when PIAMYV had reached the vasculature,
I used RT-PCR to analyze the petioles of inoculated leaves at 3 and 4 dpi. No PIAMV RNA was
detected in any samples of control or ASM-treated plants at 3 dpi (Fig. 3.3A). At 4 dpi, the presence
of PIAMV RNA was confirmed in three of six control samples but not in any ASM-treated samples
(Fig. 3.3B). These results confirmed that PPAMYV could be loaded into the vascular system by around
4 dpi, and that this prerequisite step for long-distance movement is somehow inhibited by ASM
treatment.

To further confirm the result from RT-PCR, I visually observed the viral accumulation in the
vasculature. I prepared cryo-histological cross-sections of petiole from inoculated leaves at 3 and 4
dpi. Throughout this study, I evaluated cells with similarly high levels of GFP fluorescence intensity
as virus-infected cells, and excluded from my evaluation those with faint and weak levels of GFP
fluorescence intensity, which might be caused by autofluorescence or passive diffusion of free GFP.

As the result, GFP expression was not observed in the vascular tissues of petioles (i.e., the
xylem and the adaxial/internal and abaxial/external phloem) in any control or ASM-treated plants at
3 dpi (Fig. 3.4A). Meanwhile, at 4 dpi, GFP expression was observed in the vascular tissues of
petioles of control leaves but not of ASM-treated leaves (Fig. 3.4B). These observations are consistent
with the RT-PCR results, which showed that by 4 dpi the virus could move into the petioles of

untreated leaves (Fig. 3.3).
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Figure 3.3 Result of RT-PCR to detect PPAMV-GFP RNAs in the petioles of inoculated leaves at 3
dpi (A) and 4 dpi (B). Lane M: 1 kb DNA ladder (#N3232S, New England BioLabs).
Total RNA from PIAMV-GFP-inoculated leaves at 15 dpi and mock-inoculated leaves
were used as positive (C+) and negative (C-) controls, respectively. The expected size of
PCR products is 1.5 kb (approximately). Numbers at the right indicate the numbers of
infected plants per total number of plants tested. The experiment was repeated twice with

three biological replicates each.
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3 dpi
A
) ASM 1mM PIAMV-GFP PIAMV-GFP + cell dye

IP

(+)

4 dpi
(B) ASM 1mM PIAMV-GFP PIAMV-GFP + cell dye

Figure 3.4 Viral accumulation in the vascular tissue in the petiole of the inoculated leaf at 3 dpi (A)
and 4 dpi (B) from untreated plant (-) or ASM-treated plants (+). PIAMYV accumulation is
shown in green and Fluorescent Brightener 28—labeled plant cell walls is shown in blue.
IP, internal phloem; EP, external phloem; X, xylem; M, mesophyll cells. Pictures are

representatives of the two independents with three plants for each treatment.
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3.2.2  ASM treatment reduces viral accumulation in the vascular tissues of inoculated leaf

The results shown above prompted me to analyze the differences in more detail the viral
localization patterns in vascular tissues between ASM-treated and untreated control plants. To clarify
this, I observed the major veins (classes I and II) in addition to the petiole (Fig. 2.3) of inoculated
leaves at 9 dpi, when systemic infection of PIAMV-GFP was established both with and without ASM-
treatment (Fig. 3.2).

Although faint autofluorescence was detected in the vascular tissues of mock-inoculated
plants (Fig. 3.5), GFP-specific fluorescence was clearly distinguishable from the autofluorescence in
the virus-infected leaves (Fig. 3.6). In the control plants, GFP fluorescence was observed widely in
the vascular tissues (i.e., the xylem and the adaxial/internal and abaxial/external phloem) and/or in
the mesophyll cells in the major veins and the petiole. GFP fluorescence in class II veins was largely
limited to the adaxial and abaxial phloem cells (Fig. 3.6). GFP fluorescence in class I veins seemed
to be distributed in the abaxial phloem and the mesophyll cells (indicated by the red arrow in panel
IT). The petiole showed another localization pattern, with GFP fluorescence in the internal and
external phloem and in the mesophyll cells (indicated by red arrows in panels I and II in Fig. 3.6). On
the other hand, the intensity of GFP fluorescence in the vascular tissues of the ASM-treated inoculated
leaves was generally much weaker than in the untreated leaves (Fig. 3.7 compared to Fig. 3.6). In the
class Il veins, weak GFP fluorescence was observed in the abaxial phloem, the xylem, and mesophyll
cells, but not in the adaxial phloem (Fig. 3.7, upper row). In the class I veins, GFP fluorescence was
detected in all types of vascular tissues but not in the mesophyll cells (Fig. 3.7, middle row). In
contrast with the class I veins, the weak GFP fluorescence in the petiole was detected in both the
vascular tissues and the mesophyll cells (Fig. 3.7, bottom row). These results indicated that ASM
treatment drastically reduced the viral accumulation in the vascular tissues of the main veins and the

petioles of inoculated leaves, even though the virus did reach the vascular system.
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Figure 3.5 Cross sections of the major veins of class II, major veins of class I, and the petiole of the inoculated leaf of an ASM-untreated and
mock-inoculated plants. The unspecific green fluorescence is shown in blurred green and Fluorescent Brightener 28—labeled
plant cell walls are shown in blue. Panels with numbers I, 11, III are enlarged images of vascular tissues for AdP/IP, AbP/EP, and
X, respectively, in white boxes of panels of the left. PIAMV accumulation is shown in green and Fluorescent Brightener 28—
labeled plant cell walls is shown in blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal phloem; EP, external phloem;
X, xylem; M, mesophyll cells. Pictures are representatives of the two independents with three plants for each treatment.
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Figure 3.6 Effect of 1 mM ASM treatment on the viral localization in the vascular tissues of inoculated leaves at 9 dpi. Images of vascular
tissues in untreated control plants. Upper panels, cross sections of major class II veins; middle panels, cross sections of major
class I veins; lower panels, cross sections of petioles. Panels with numbers I, II, and III are enlarged images of the AdP/IP,
ADbP/EP, and X tissues, respectively, shown in white boxes in the panels on the left. PPAMV-GFP appears as green, and the
Fluorescent Brightener 28-labeled plant cell walls are blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal phloem; EP,
external phloem; X, xylem; M, mesophyll cells. Red arrows indicate PIAMV-GFP in mesophyll cells. Pictures are representative

of two independent experiments with three plants in each treatment.
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Figure 3.7 Effect of | mM ASM treatment on the viral localization in the vascular tissues of inoculated leaves at 9 dpi. Images of vascular
tissues in ASM-treated plants. Upper panels, cross sections of major class II veins; middle panels, cross sections of major class
I veins; lower panels, cross sections of petioles. Panels with numbers I, 11, and III are enlarged images of the AdP/IP, AbP/EP,
and X tissues, respectively, shown in white boxes in the panels on the left. PPAMV-GFP appears as green, and the Fluorescent
Brightener 28-labeled plant cell walls are blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal phloem; EP, external
phloem; X, xylem; M, mesophyll cells. Red arrows indicate PPAMV-GFP in mesophyll cells. Pictures are representative of two

independent experiments with three plants in each treatment.
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CHAPTER 4
ASM TREATMENT REDUCES VIRAL ACCUMULATION IN VASCULAR TISSUES
OF THE MAIN STEM

4.1  Introduction

After loading into phloem SEs, viruses translocate through phloem SEs from the inoculated
leaf into distal uninfected tissues. For their translocation, viruses take the same route that the plant
used to transport its photoassimilates (Leisner et al., 1993). Both viruses and photoassimilates are
transported from the source (where photoassimilates are exported) to sink organs (where
photoassimilates are imported) (Leisner et al., 1993). Plant family with specialization of phloem
(bicollateral phloem) for example Solanacearum, photoassimilates are exported through external
phloem into roots (downward movement), while imported through internal phloem into upper leaves
(upward movement) (Turgeon, 1989). But some studies revealed that this bidirectional of assimilates
can occur in the same type of phloem (Reviewed in Trip & Gorham 1967).

Some viruses, for instance, TMV (Cheng et al., 2000), cowpea mosaic virus (Silva et al.,
2002), pepper mottle potyvirus (PepMoV) (Andrianifahanana, et al., 1997), and melon necrotic spot
virus (MNSV) (Gosalvez-Bernal et al., 2008) are exported from the inoculated leaf toward roots by
the external phloem, whereas they are exported the upward spread into developing young leaves by
the internal phloem. In addition, Andrianifahanana et al. (1997) and Cheng et al. (2000) found that
the viral upward movement occurs significantly faster than downward. Therefore, young leaves
represent the major and preferential target for systemic movement (Ueki & Citovsky, 2007).

Several previous studies have found different patterns in the translocation of viruses between
susceptible and resistant cultivars. For instance, in a susceptible pepper cultivar Capsicum annuum

cv. Early Calwonder Florida, isolates PepMoV (PepMoV-FL) translocated in both external and
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internal phloem (Andrianifahanana et al., 1997). On the other hand, in resistant pepper cultivar C.
annuum cv. Avelar, PepMoV-FL only translocated in external phloem, but not in internal phloem,
resulting in the young stem tissues free from viral systemic accumulation (Guerini et al. 1999).
Interestingly, TMV (Cheng et al., 2000) and MNSV (Gosalvez-Bernal et al., 2008) failed to
translocate in the internal phloem of shoot apical meristem in a susceptible host. Although the reason
remains unclear, recent studies indicated that RNA silencing mechanisms might involve this
exclusion (reviewed in Gosalvez-Bernal et al., 2008; Tournier et al., 2006).

In chapter 3, I found that ASM treatment delays the loading of PIAMV-GFP in the inoculated
leaf and reduces its accumulation in the vascular tissues. In regard to this result, I assumed that the
translocation of viruses from the inoculated leaf into the sink organs is also affected by ASM-
mediated delays of loading of PIAMV-GFP. Therefore, in this chapter, I evaluated the effect of ASM
treatment on the translocation of PIAMV-GFP in the stem of N. benthamiana. The direction of

translocation of PIAMV-GFP in the vascular tissue in the stem was also discussed in this chapter.

4.2 Result

4.2.1 ASM treatment delays translocation of PIAMV-GFP in the stem

In chapter 3, I detached the inoculated leaf at the determined days-post inoculation and
observed the systemic infection of PPAMV-GFP in the upper leaves. In addition to this observation,
I also observed the systemic infection of PIAMV-GFP in the main stem at 15 dpi following
detachment of the inoculated leaf. Although faint autofluorescence was detected in the main stem of
mock-inoculated plants, GFP-specific fluorescence was clearly distinguishable from the
autofluorescence in the virus-infected main stem (Figure 4.1). As shown in Figure 4.1, systemic
infection of PIAMV-GFP was not detected at 15 dpi in any control or ASM-treated plants when the

inoculated leaf was detached at 3 dpi. Systemic infection of PIAMV-GFP was observed in the main
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stem of control plants when the inoculated leaves were detached at 4 to 9 dpi. In contrast, no systemic
infection of PIAMV-GFP was detected in ASM-treated plants when the inoculated leaf was detached
at 4 to 5 dpi. Meanwhile, systemic infection of PIAMV-GFP was firstly observed in the main stem
of ASM-treated plants when inoculated leaf detachment was performed at 6 dpi. At this time point,
systemic infection of PIAMV-GFP was not observed in the upper leaves of the ASM-treated plants
(Fig. 3.2). Systemic infection of PPAMV-GFP was also detected in the ASM-treated plants when the
inoculated leaves detached at 7-9 dpi. However, the accumulation of GFP fluorescence in the main
stem of ASM-treated plants was generally weaker than in control plants. These results indicated that
ASM treatment might delay the translocation of PIAMV-GFP.

This observation led me to examine whether ASM treatment inhibits the viral translocation
of PIAMV-GFP in the main stem. For this experiment, I used plants at 6 dpi and prepared total RNA
from three parts of the main stem: one internode above the inoculated leaf, one internode below the
inoculated leaf, and the basal stem (Fig. 2.4). [ used RT-PCR to analyze the RNA samples and found
PIAMYV RNA in the stems above the inoculated leaves in two of six control plants and in zero of six
ASM-treated plants (Fig. 4.2A). In contrast, we found PIAMV RNA in the stems below the inoculated
leaves in all six control plants and (at relatively weak levels) in five of six ASM-treated plants (Fig.
4.2 B). The presence of the virus was confirmed in the basal stem of all control plants but in none of

the ASM-treated plants (Fig. 4.2C).
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Detachment days

6 dpi 7 dpi

Figure 4.1 GFP expression in the main stem after detachment of the inoculated leaf. PIAMV-GFP-inoculated leaf was cut at 3-9 dpi, from
either untreated plant (upper panels, shown as “(-)”’) or ASM-treated plants (lower panels, shown as “(+)”). Uninoculated plants
(shown as Mock) were used as a negative control. Representative photographs were taken under a UV lamp at 15 dpi. The

experiment was repeated twice with three plants for each treatment.
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This observation led me to examine whether ASM treatment inhibits the viral translocation
of PIAMV-GFP in the main stem. For this experiment, I used plants at 6 dpi and prepared total RNA
from three parts of the main stem: one internode above the inoculated leaf, one internode below the
inoculated leaf, and the basal stem (Fig. 2.4). I used RT-PCR to analyze the RNA samples, and found
PIAMYV RNA in the stems above the inoculated leaves in two of six control plants and in zero of six
ASM-treated plants (Fig. 4.2A). In contrast, we found PIAMV RNA in the stems below the inoculated
leaves in all six control plants and (at relatively weak levels) in five of six ASM-treated plants (Fig.
4.2 B). The presence of the virus was confirmed in the basal stem of all control plants but in none of

the ASM-treated plants (Fig. 4.2C).

4.2.2  ASM treatment reduces viral accumulation in vascular tissues of the main stem

To confirm this result, I next examined the viral localization in the vascular tissues of the main
stem by confocal microscopy at 9 dpi, when GFP fluorescence was constantly observed above and
below the stem in ASM-treated plants. Faint non-specific autofluorescence was observed in the
vascular tissues of the main stem in mock-inoculated plants (Fig. 4.3). GFP-specific fluorescence in
vascular tissues, including the xylem and the external and internal phloem, was observed in the three
parts of the main stems of both control and ASM-treated plants (Fig. 4.4 and 4.5). However, the areas
of GFP fluorescence detected in the three stem parts were much more limited in the ASM-treated
plants than in the control plants. In addition, RT-qPCR-based quantification of PIAMV RNA levels
at 9 dpi confirmed that the ASM-treated plants had lower viral levels in all three parts of the main
stem than the control plants did, although there were no statistically significant differences (Table 2).
These results corroborated my conclusion that ASM treatment reduces the viral accumulation in the

vascular tissues of the main stem as well as an in the inoculated leaf.
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Figure 4.2 Detection of PIAMV-GFP within the main stem by RT-PCR at 6 dpi. Total RNA was
extracted from the internode above the inoculated leaf (A), the internode below the
inoculated leaf (B), or the basal stem (C) of untreated control (-) or ASM-treated (+)
plants. Lane M: 1 kb DNA ladder. Total RNA from mock-inoculated leaves was used as
a negative control (C-). Numbers at the right represent the numbers of infected plants per
total number of plants tested. The expected size of PCR products is 1.5 kb

(approximately). The experiment was repeated twice with three biological replicates each.
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Figure 4.3 The cross section of (A) one internode of the stem above the inoculated leaf, (B) one internode of the stem below the inoculated
leaf, and (C) the basal stem of untreated and mock-inoculated plants. The unspecific green fluorescence is shown in blurred green
and Fluorescent Brightener 28—labeled plant cell walls is shown in blue. Panels with numbers I, II, III are enlarged images of
vascular tissues for AdP/IP (or P in the basal stem), AbP/EP, and X, respectively, in white boxes of panels of the left. PPAMV
accumulation is shown in green and Fluorescent Brightener 28—labeled plant cell walls is shown in blue. AdP, adaxial phloem,;
AbP, abaxial phloem; IP, internal phloem; EP, external phloem; P, phloem; X, xylem; M, mesophyll cells; Pi, pith tissue. Pictures

are representatives of the two independents with three plants for each treatment.
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Figure 4.4 Effect of | mM ASM treatment on the viral localization in vascular tissues of the main stem at 9 dpi. Images of vascular tissues
in untreated control plants. Upper panels, cross sections of the internode above the inoculated leaf; middle panels, cross sections
of the internode below the inoculated leaf; lower panels, cross sections of the basal stem. Panels with numbers I, II, and III are
enlarged images of the IP (or P in the basal stem), EP, and X, respectively, shown by white boxes in the panels on the left. PIAMV-
GFP is green, and the Fluorescent Brightener 28-labeled plant cell walls are blue. IP, internal phloem; EP, external phloem; X,

xylem; P, phloem; P1i, pith tissue. Pictures are representatives of two independent experiments with three plants in each treatment.

52



PIAMV-GFP PIAMV-GFP + cell dye

Stem above the
inoculated leaf

Stem below the
inoculated leaf

Basal stem

Figure 4.5 Effect of 1 mM ASM treatment on the viral localization in vascular tissues of the main stem at 9 dpi. Images of vascular tissues
in ASM-treated plants. Upper panels, cross sections of the internode above the inoculated leaf; middle panels, cross sections of
the internode below the inoculated leaf; lower panels, cross sections of the basal stem. Panels with numbers I, II, and III are
enlarged images of the IP (or P in the basal stem), EP, and X, respectively, shown by white boxes in the panels on the left. PIAMV-
GFP is green, and the Fluorescent Brightener 28-labeled plant cell walls are blue. IP, internal phloem; EP, external phloem; X,

xylem; P, phloem; P1, pith tissue. Pictures are representatives of two independent experiments with three plants in each treatment.
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Table 2 Accumulation of PPAMV-GFP RNA at 9 dpi in the main stem, analyzed by RT-qPCR.

ug PIAMV-GFP RNA/g total RNA
(Mean + SE) @
Samples Control ASM 1mM P-value ®
Stem above inoculated leaf 1.135 + 0.480 0.597 + 0.571 0.5108
Stem below inoculated leaf 1.502 + 0.399 0.636 + 0.621 0.3065
Basal stem 1.772 +1.063 0.631 + 0.599 0.4031

# The experiment was conducted once with three plants for each treatment.

b P <0.05, Student’s ¢ test

54



CHAPTER 5
DOWNWARD MOVEMENT OF PLAMV-GFP IN THE MAIN STEM IS NOT ESSENTIAL
FOR ASM-MEDIATED DELAY OF SYSTEMIC INFECTION

5.1  Introduction

Several papers have appeared dealing with different conclusions of the translocation of
viruses through the vasculature of their host plant. Holmes (1930) and Samuel (1934) revealed the
direction of TMV translocation in a tomato plant. These authors determined that in the vegetative
stage of tomato plants, TMV travels first to the roots of the plant from the inoculated leaf, and about
a day later, it travels at the same rate with downward movement to the top of the plants (Fig. 5.1)
(reviewed in Samuel 1934; Hull, 2014). Using PVX, Capoor (1949) found that in the tomato plants,
PVX firstly translocates from the inoculated leaf into the roots, but in some experimental plants, both
upward and downward movement occurred simultaneously, while others upward movement occurred
first. This finding suggested that the translocation route of plant viruses can differ, depending on the
virus species, the condition or developmental stage of an experimental plant, techniques to collect the
data, and temperatures (Capoor, 1949). Schneider & Worley (1959) revealed that southern bean
mosaic virus was entered xylem vessels and/or phloem as a pathway to translocate in plants. Similar
to these findings, some viruses also found in the xylem vessels, for instance, PVX (Betti et al., (2012),
TMV (Cheng et al., 2000), TuMV (Wang et al., 2007), zucchini yellow mosaic virus (Mochizuki et

al., 2016), and MNSV (Gosalvez-Bernal et al., 2008).
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Figure 5.1 Diagram to show the progress of the spread of mosaic by TMV (represent in black) through
a medium young tomato plant. dpi, days post inoculation. TMV was inoculated into one

leaf in one tomato leaflet. Figure adapted from Samuel (1934).

Recent studies revealed that viruses utilize a different type of phloem to translocate from
source to sink organs; viruses use external phloem to the roots, whereas they exclusively use internal
phloem to the upper leaves (Andrianifahanana et al., 1997; Cheng et al., 2000; Sudharsana 1997). In
some cultivar or lines resistant to infection, the accumulation of virus is limited to the specific phloem,
either internal or external, compared with susceptible plants, which is translocated in both types of
phloem (Derrick & Barker, 1997; Guerini & Murphy, 1999; Goodrick, 1991). These findings indicate
that viruses infect the vascular tissue in the stem with a specific pattern and that access to the
particular host cells in this tissue is highly regulated (Cheng et al., 2000; Kappagantu et al., 2020).

In this study, I found that in the early stages of systemic infection after loading into the

vascular system (at 6 dpi), PPAMV-GFP was mainly present in the basal stem and the stem below the

56



inoculated leaf in untreated control plants. Meanwhile, in ASM-treated plants, PIAMV-GFP was not
found in the basal stem and the stem above the inoculated leaf (Chapter 4, Fig. 4.2). According to
these results, the relative accumulation of PIAMV RNA was lower in ASM-treated plants than the
control plant in the later stages of systemic infection (9 dpi) (Chapter 4, Table 2). These results
prompted me to further examine whether the delays of translocation of PIAMV-GFP into the basal
stem are necessary for ASM-mediated delays of systemic infection of PIAMV-GFP in the upper
leaves. The correlation between the downward and upward movement of PIAMYV in stem, also the

rate of PIAMV-GFP movement were discussed in this chapter.

5.2 Result

5.2.1 Downward movement of PIAMV-GFP in the main stem is not essential for ASM-mediated

delay of systemic infection

To clarify whether the downward movement is necessary for systemic infection by PIAMV-
GFP, [ used steam treatment to destroy the phloem tissues of the main stem below the inoculated leaf
to block the downward movement of PIAMV-GFP. We steamed the internodes below the ASM-
treated or untreated leaves six hours before inoculation with PIAMV-GFP or water. Necrosis was
observed in the internode stem exposed to heated steam (indicated by white circles in bottom panels
of Fig. 5.2A), and microscopic observations confirmed that all cells except the xylem tissues were

collapsed (Fig. 5.2B).
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Figure 5.2 The effect of steam treatment to the main stem of Nicotiana benthamiana plants. (A)
Representative images of the main stem of mock-inoculated (Mock), untreated control (-)
and ASM-treated (+) plants at 6 hours after exposure to hot steam treatment. The steamed
points are indicated with white circles. Bars, 5 cm. The experiment was repeated third
with three biological replicates in each experiment. (B) A cross section of the stem
following steaming treatment, which showed that phloem tissues were disrupted.
Fluorescent Brightener 28—labeled plant cell walls is shown in blue. IP, internal phloem;

EP, external phloem; X, xylem; P1i, pith tissue.
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Visual observations of these steam-treated plants at 14 dpi under a UV lamp showed
nonspecific autofluorescence at the steamed point and no GFP fluorescence below the steamed point,
as expected (Fig. 5.3B). In accordance with this result, we did not detect PPAMV RNA in any stem
samples taken from below the steamed point, in either ASM-treated or untreated plants (Fig. 5.4B).
Without steam treatment, PIAMV RNA was detected in all samples from the main stem below the
steamed point of the control and ASM-treated plants (Figure 5.5). This result indicated that the
downward movement of PIAMV needs the phloem tissue. In contrast, GFP fluorescence was
observed in the stems above the steam-treated parts of the control and ASM-treated plants, although
the intensity of GFP fluorescence in the ASM-treated plants was weaker than in the control plants
(indicated by white arrows in the middle panels of Fig. 5.3B). In line with this result, PPIAMV RNA
was detected in upper stem samples from five of six ASM-treated plants, with weaker bands than
those observed in all six samples from the control plants (Fig. 5.4A). In the upper uninoculated leaves,
GFP fluorescence was observed in six of nine plants in both the ASM-treated and control groups (Fig.
5.3A). However, the intensity of GFP fluorescence in the ASM-treated plants appeared to be lower
than that in the control plants (Fig. 5.3A). These results demonstrated that the downward movement
of PIAMV, which requires the phloem tissue, is unnecessary for systemic infection to the upper leaves.
Thus, it is likely that ASM treatment delayed systemic infection by PIAMV-GFP regardless of

downward movement or viral accumulation in the main stem below the inoculated leaf.
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Figure 5.3 A role of phloem tissue in the downward movement of PIAMV-GFP. (A) Representative
images of PIAMV-GFP infection in upper leaves of mock-inoculated (Mock), untreated
control (-) and ASM-treated (+) plants following steaming treatment to destroy phloem
tissues below the inoculated leaf. The numbers within each photograph indicate the
number of plants that showed systemic infection per total of plants tested. (B) Images of
PIAMV-GFP infection in the main stem. The photographs in the upper and lower panels
were taken under UV light at 14 dpi. White arrows indicate GFP fluorescence. Bars, 5 cm.

The experiment was repeated third with three biological replicates in each experiment.
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Figure 5.4 A role of phloem tissue in the downward movement of PIAMV-GFP. RT-PCR-mediated
detection of PIAMV-GFP at 14 dpi in the stem above the inoculated leaf (A) or the stem
below the inoculated leaf (B) in mock-inoculated (Mock), untreated control (-) and ASM-
treated (+) plants following steaming treatment to destroy phloem tissues below the
inoculated leaf. Lane M: 1 kb DNA ladder. Total RNA from mock-inoculated leaves was
used as a negative control (C-). Numbers at the right represent the numbers of infected
plants per total number of plants tested. The expected size of PCR products is 1.5 kb
(approximately). The experiment was repeated twice with three biological replicates in

each experiment.
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Figure 5.5 Detection of PPAMV-GFP within the main stem by RT-PCR at 14 dpi in untreated plants
(-) and ASM-treated plants (+) without steam treatment. Lane M: 1 kb, DNA ladder
(#N3232S, New England BioLabs). Total RNA from PIAMV-GFP-inoculated leaf at 15
dpi and mock-inoculated leaf were used as positive (C+) and negative (C-) controls,
respectively. The expected size of PCR products is 1.5 kb (approximately). The

experiment was done once with three each biological replicates.

5.2.2  Downward movement is essential for the efficient systemic infection of PIAMV-GFP

The result in Figure 5.3A showed that the percentage of systemic infection of PPAMV-GFP
in steam-treated control plants is about 60%, which is similar to the steam-treated ASM plants. This
result indicated that the downward movement of PIAMV-GFP might support its efficient systemic
infection to the upper leaves. To clarify this, I compared the rate of systemic infection of PIAMV-
GFP between steam-treated and non-steamed control plants by evaluating GFP fluorescence in the
upper leaves. As shown in Figure 5.6, systemic infection of PIAMV was detected in one of ten non-
steamed control plants at 5 dpi, and in seven of ten plants at 7 dpi. The systemic infection of PIAMV-
GFP was detected from all non-steamed control plants at 9 to 11 dpi (Fig. 5.6). In steam-treated
control plants, no systemic infection of PIAMV-GFP was detected at 5 dpi. Systemic infection of
PIAMYV was firstly detected from four of six steam-treated control plants at 7 dpi, followed by six of
ten plants at 9 dpi, and eight of ten plants at 11 dpi (Fig. 5.6). These results confirmed that the
downward movement of PPAMV-GFP is responsible for the rapid and efficient viral movement to the
upper leaves. On the other hand, impaired downward movement by ASM treatment is not responsible

for the ASM-mediated delay of viral movement to the upper leaves (Fig. 5.3).
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Control plant
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Figure 5.6 Representative images of PIAMV-GFP infection in upper leaves of untreated control plant
without steaming treatment (upper panels) and following steam treatment (lower panels).
The numbers within each photograph indicate the number of plants that showed systemic
infection per total of plants tested. The photographs in the upper and lower panels were
taken under UV light at 5, 7, 9, 11 dpi. White arrows indicate GFP fluorescence. Bars, 5

cm. The experiment was repeated twice with five biological replicates in each experiment.
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CHAPTER 6
ASM TREATMENT AFFECTS THE EVENTUAL VIRAL LOCALIZATION AND
REDUCES ITS ACCUMULATION IN SINK ORGANS

6.1 Introduction

In the last step of long-distance movement, viruses unload from the phloem SEs into the
surrounding nonvascular tissues in the sink organs (Santa Cruz, 1999; Seron & Haenni, 1996; Ueki
& Citovsky, 2007; Waigmann et al., 2007). Sink organs are plant organs that act as receivers of
assimilates, including upper leaves, roots, fruits, flowers, and seeds (Ho, 1988). During the unloading
process, viruses carried by photoassimilates exit from the phloem SEs to companion cells and are
transported through a diverse range of cells, including vascular parenchyma, bundle sheath, and
mesophyll cells (Hipper et al., 2013; Leisner & Howell, 1993).

Roberts et al. (1997) compared the unloading of PVX expressing GFP and fluorescent solute
carboxyfluorescein (CF) in N. benthamiana. Although the systemic movement of PVX is slower than
CF transportation, both PVX and CF are predominantly unloaded from the major veins (class III and
larger) in the upper leaf. After unloading from phloem SEs in major veins (class III), viruses distribute
to the minor veins by cell-to-cell movement through mesophyll cells (Roberts et al., 1997). Similar
to this finding, TMV (Cheng et al., 2000) and cowpea mosaic virus (Silva et al., 2002) are also
associated with major veins (class I-III) for the unloading but not from the minor veins. In contrast,
potato virus A from the genus Po#yvirus unload from major and minor veins in the upper leaves of
wild potato species, Solanum commersonii (Rajamaki & Valkonen, 2002).

As reviewed in Chapters IV and V, TMV (Cheng et al., 2000), PepMoV (Andrianifahanana
et al., 1997), and MNSV (Gosalvez-Bernal et al., 2008) translocate into the upper leaves through the

internal phloem; therefore, these viruses apparently use the internal phloem exclusively for their route

64



in unloading step. Meanwhile, a study with PVX revealed that this virus utilizes the external phloem
to unload from phloem SEs (Santa Cruz et al., 1999). However, the detailed information for the
unloading of PIAMYV in the vasculature is unknown.

Some resistant cultivar impairs the systemic movement of viruses. For instance, the restriction
of systemic infection by cowpea chlorotic mottle virus (CCMV-S) in soybean accession PI 346304
was caused by blocks in viral loading into and/or viral unloading out from the vascular tissues
(Goodrick et al., 1991). The resistance against systemic virus also can be obtained by the treatment
of plant activators. Takeshita et al. (2013) revealed that ASM treatment reduced the accumulation of
cucurbit chlorotic yellow virus (CCYV) RNAs in the uninoculated upper leaves. Pre-treatment of
Benzo-(1,2,3)-thiadiazole-7-carbothioic acid S-methyl ester (BTH) was inhibited the accumulation
of CMV RNAs in the upper leaves of tomato plants (Anfoka, 2000). Our previous study showed that
ASM treatment delays the long-distance movement of PIAMV-GFP to the upper leaves but
eventually allows the virus to infect not only the upper leaves (Matsuo et al., 2019) but also the main
stem below the inoculated leaf (Chapter 4, Fig. 4.2B and Table 2). This result prompted me to

examine whether ASM treatment influences the unloading of PIAMV-GFP in the sink organs.

6.2 Result

6.2.1 ASM treatment delays the unloading of PIAMV-GFP in an upper inoculated leaf, but not in

roots

To examine whether ASM treatment influences the unloading of PPAMV-GFP in sink organs,
at 9 dpi I extracted total RNA from the petiole of an upper leaf that was the 3™ leaf from the top and
from the primary root, using both ASM-treated and control plants, and performed RT-PCR. PIAMV
RNA was detected in all six upper petiole samples from control plants and in three of six upper petiole

samples from the ASM-treated plants (Fig. 6.1A). On the other hand, the viral RNA was detected in
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the primary roots of all control and ASM-treated plants (Fig. 6.1B). I also found that the DNA bands
for the ASM-treated plants were generally weaker than those observed for the control plants. This
result suggests that ASM treatment has a more restrictive effect on the unloading of PIAMV-GFP

into the upper leaves than in the roots.

ASM

(A)

A petiole of
an upper leaf

ASM
1mM

O 2 " 6/6

(B)

The primary root

Figure 6.1 Detection of PIAMV-GFP within sink organs by RT-PCR at 9 dpi. Total RNA was
extracted from upper leaves (A) or primary roots (B) of untreated control (-) or ASM-
treated (+) plants . Lane M: 1 kb DNA ladder. Total RNA from mock-inoculated leaves
was used as a negative control (C-). Numbers at the right represent the numbers of
infected plants per total number of plants tested. The expected size of PCR products is
1.5 kb (approximately). The experiment was repeated twice with three biological

replicates each.



6.2.2  ASM treatment reduces viral accumulation in vascular tissues of the upper leaves

To further observe the restrictive effect of ASM treatment on unloading of PIAMV-GFP, 1
observed cross-sections prepared from class I and II major veins and from the petioles of upper leaves
at 12 dpi. The vascular tissues in mock-inoculated plants exhibited nonspecific autofluorescence (Fig.
6.2), which was distinguishable from the much brighter GFP fluorescence in inoculated plants (Fig.
6.3 and 6.4). In both the control and ASM-treated plants inoculated with PIAMV-GFP, GFP
fluorescence could be observed in the vascular tissues of class I and II veins and the petioles of the
upper leaves (Fig. 6.3 and 6.4). However, the intensity of GFP fluorescence appeared to be lower in
the ASM-treated plants than in the control plants. I also found that in the control plants, GFP
fluorescence was distributed from the abaxial or external phloem into the mesophyll cells in all of the
three parts examined (indicated with red arrows in Fig. 6.3). In contrast, in the ASM-treated plants,
the GFP fluorescence was observed in mesophyll cells of the class I veins and the petioles, but not in
the class II veins (Fig. 6.4, indicated with red arrows). Taken together, the results in Fig. 6.3 and
Fig.6.4 indicated that ASM treatment allows the viral unloading and localization into the vascular

tissues of uninoculated upper leaves, but restricts its subsequent accumulation in mesophyll cells.
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PIAMV-GFP + cell dye
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(A)
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©

Figure 6.2 The cross section of the ASM-untreated mock-inoculated plant of (A) major veins of class II, (B) major veins of class I, and (C)
the petiole of the viral-uninoculated upper leaf. The unspecific green fluorescence is shown in blurred green and Fluorescent
Brightener 28—labeled plant cell walls is shown in blue. Panels with numbers I, II, III are enlarged images of vascular tissues for
AdP/IP, AbP/EP, and X, respectively, in white boxes of panels of the left. PPAMYV accumulation is shown in green and Fluorescent
Brightener 28-labeled plant cell walls is shown in blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal phloem; EP,
external phloem; X, xylem; M, mesophyll cells. Pictures are representatives of the two independents with three plants for each

treatment.
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Figure 6.3 Effect of 1 mM ASM treatment on the viral localization in vascular tissues in uninoculated upper leaves at 12 dpi. Images of
vascular tissues in untreated control plants. Upper panels, cross sections of major class II veins; middle panels, cross sections of
major class I veins; lower panels, cross sections of petioles. Panels with numbers I, 11, and III are enlarged images of the AdP/IP,
ADbP/EP, and X tissues, respectively, shown in white boxes in the panels on the left. PPAMV-GFP appears as green, and the
Fluorescent Brightener 28-labeled plant cell walls are blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal phloem; EP,
external phloem; X, xylem; M, mesophyll cells. Red arrows indicate PIAMV-GFP distribution in the mesophyll cells. Pictures

are representatives of two independent experiments with three plants for each treatment.
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Figure 6.4 Effect of 1 mM ASM treatment on the viral localization in vascular tissues in uninoculated upper leaves at 12 dpi. Images of
vascular tissues in ASM treated plants. Upper panels, cross sections of major class II veins; middle panels, cross sections of major
class I veins; lower panels, cross sections of petioles. Panels with numbers I, I, and III are enlarged images of the AdP/IP, AbP/EP,
and X tissues, respectively, shown in white boxes in the panels on the left. PPAMV-GFP appears as green, and the Fluorescent
Brightener 28-labeled plant cell walls are blue. AdP, adaxial phloem; AbP, abaxial phloem; IP, internal phloem; EP, external
phloem; X, xylem; M, mesophyll cells. Red arrows indicate PIAMV-GFP distribution in the mesophyll cells. Pictures are

representatives of two independent experiments with three plants for each treatment.
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CHAPTER 7
ASM-MEDIATED RESTRICTION ON LOADING OF PLAMYV IS CALLOSE
DEPOSITION-INDEPENDENT

7.1 Introduction

Plasmodesmata serve as intercellular bridges that allow plant cells to communicate with
virtually all adjacent cells and distantly located cells, forming a symplastic network in the plant (Sager
& Lee,2014). Plasmodesmata conjunction allows phloem to transport the molecules, including sugars,
lipids, amino acids, nucleic acids, protein, and phytohormone (Lucas et al., 2013). During infection
of the pathogen, the plant modulates the size of exclusion limit (SEL) of plasmodesmata to suppress
the spread of the pathogen (Lee & Lu, 2011). The level of callose at PD plays an important role in
regulating the SEL (Wu et al., 2018). Accumulation of callose at PD restricts the channel to inhibit
the cell-to-cell transport of macromolecules and symplastic pathogen, whereas down-regulation of
callose accumulation relaxes it to allow the macromolecular and pathogen trafficking (Zavaliev et al.,
2011). Previous studies found that the infection of viruses leads to callose deposition at PD as plant
defense responses (Wu et al., 2018). For instance, cell-to-cell movement of TMV and long-distance
movement of PVX were restricted in the GLU [ -deficient mutant, which shows an elevated
deposition of callose (Iglesias & Meins F, 2000). Wolf et al. (1991) found that TMV inoculation
induced callose deposition, thus restricting the cell-to-cell movement of TMV.

Several phytohormones, such as indole-3-acetic acid (IAA), abscisic acid (ABA), and SA,
have been involved in PD callose regulation. Over-accumulation of IAA26 protein inhibits the
loading of TMV. In addition, transcriptome analysis of [AA26-over-accumulation line shows
significant changes in genes associated with callose regulation (Collum et al., 2016). Plasmodesmata-

located protein 5 (PDLP5) mediates crosstalk between PD regulation and salicylic acid-dependent
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defense responses. PDLPS localizes at the PD, acting as an inhibitor to PD trafficking, through its
capacity to modulate callose deposition at PD. PDLP5, as a regulator of PD, is also essential to
enhance plant defense response against cell-to-cell movement of bacterial pathogens, Pseudomonas
syringae in a salicylic acid-dependent manner.

Callose accumulation is also up-regulated by the treatment of chemicals. For example, liquid
bioassimilable sulfur (LBS) is one type of PAs induced immune response mechanism of tomato plants
by elevating the callose deposition to suppress the causal agent of powdery mildew, Oidium
neolycopersici (Llorens et al., 2017). Ueki (2005; 2007) found that the treatment of cadmium
upregulated cell-wall-associated protein, cadmium (Cd) ion-induced glycine-rich protein (cdiGRP),
which increases the level of callose to inhibit long-distance movement of turnip vein-clearing virus
(TVCYV) (Ueki & Citovsky, 2005). In addition, the cdiGRP is expressed in vascular tissues, resulting
in the inhibition of unloading of TVCV in uninoculated non-vascular tissues (Citovsky et al., 1998).

Clearly, callose deposition can be regulated by phytohormone and chemical treatment to
suppress cell-to-cell movement of viruses. Thus, callose deposition can be considered as a result of
plant defense responses to limit the loading or unloading of viruses (Wu et al., 2018; Leisner &
Turgeon, 1993). Chapter 1 showed that ASM treatment restricted the loading of PIAMV-GFP into
the vascular tissue in the inoculated leaf, but the mechanisms underlying this restriction is unknown.
In this chapter, I clarified the role of callose deposition on ASM-mediated restriction of loading of

PIAMV-GFP.

7.2 Result
7.2.1 Callose deposition elevated in major class I veins of ASM-treated and untreated plants
To observe the callose depositions in the phloem, using decolorized aniline blue solution, I

stained the cross-section of major class I veins at 9 dpi, when PIAMV-GFP restricted in the vascular
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tissues in ASM-treated plants compared to control plants (Fig. 3.6 & 3.7; Chapter 3). As shown in
Figure 7.1, aniline blue-specific callose deposition was detected in the phloem of major class I veins
in both the ASM-treated and control plants (indicated by the red arrow). The cell wall of the xylem
referred to the autofluorescence. In healthy plants, callose deposition was not detected in adaxial or
abaxial phloem (Fig. 7.1). In contrast, in the ASM-treated and control plants, callose deposition was
observed in both adaxial and abaxial phloem. I also found that in ASM-treated and control plants,
callose deposition was dominantly observed in the abaxial phloem than in the adaxial phloem (Fig.
7.1). This result suggests that ASM-mediated resistance does not depend on callose deposition to

restrict viral loading to major class I veins.

7.2.2  Callose deposition elevated in major class I veins of ASM-treated and untreated plants

The result shown in Fig. 7.1 prompted me to analyze in more detail the differences in the
callose deposition in the phloem of the petiole of the inoculated leaf between ASM-treated and control
plants. In healthy plants, callose deposition was not detected in adaxial or abaxial phloem (Fig. 7.2).
On the other hand, in the ASM-treated and control plants, callose deposition was detected in both
internal and external phloem (Fig. 7.2, indicated by the red arrow). Similar to the major class I veins,
in the petiole of the inoculated leaf, callose deposition was dominantly observed in the external
phloem than in the internal phloem of ASM-treated and control plants (Fig. 7.2). This result also
suggests that ASM-mediated resistance does not depend on callose deposition to restrict viral loading

to the petiole of the inoculated leaf.
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Figure 7.1 A role of callose accumulation in the ASM-mediated inhibition of viral loading. Images of cross-sections of major veins class I
from healthy (left panels), untreated control plants (middle panels), and ASM-treated plants (right panels) at 9 dpi. Callose
deposition in phloem was viewed by filter CFP XF 88-2 (upper panels) and bright-field images of phloem (lower panels). Callose
deposition is shown in blue and emphasized with red arrows. The cell walls of the xylem are autofluorescence. Asterisks indicate
the position of phloem. Bars = 200 um. AdP, adaxial phloem; EP, abaxial phloem; X, xylem. Pictures are representatives of the

three independents with three plants for each treatment.
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Callose

Figure 7.2 A role of callose accumulation in the ASM-mediated inhibition of viral loading. Images of cross-sections of petiole of the
inoculated leaf from healthy (left panels), untreated control plants (middle panels), and ASM-treated plants (right panels) at 9 dpi.
Callose deposition in phloem was viewed by filter CFP XF 88-2 (upper panels) and bright-field images of phloem (lower panels).
Callose deposition is shown in blue and emphasized with red arrows. The cell walls of the xylem are autofluorescence. Asterisks
indicate the position of phloem. Bars =200 um. IP, internal phloem; EP, external phloem; X, xylem. Pictures are representatives

of the three independents with three plants for each treatment.
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CHAPTER 8

DISCUSSION

Previous study found that the ASM-mediated delay of the long-distance movement of
PIAMYV is not simply due to the suppression of viral accumulation in inoculated leaves, because the
virus is able to move from cell to cell efficiently with or without ASM treatment (Matsuo et al., 2019).
However, it is unknown exactly when, where, and how the viral long-distance movement is inhibited
upon ASM treatment. In this study, I employed RT-PCR and fluorescence microscopy, and carried
out time-course experiments to investigate the accumulation and localization of PIAMV-GFP in the
vascular tissues of ASM-treated and control plants.

The detachment experiments confirmed that systemic infection by PIAMV-GFP is delayed in
the ASM-treated plants when compared with untreated control plants (Fig. 3.2 and Fig 4.1). In
addition, as reported previously (Matsuo et al., 2019), ASM treatment has little or no effect on the
cell-to-cell movement of the virus in inoculated leaves (Fig. 3.1). Similarly, the vascular loading of
CCMV-S was restricted in inoculated leaves of the resistant soybean cultivar PI 346304, while its
cell-to-cell movement in the inoculated leaves was not affected (Goodrick et al., 1991). Naylor et al.
(1998) also found that the vascular loading of CMV was delayed in inoculated leaves treated with
SA, an ASM analog, although they did not discuss the effect of SA on the cell-to-cell movement of
CMV. From these data, I propose that the ASM-mediated delay of viral systemic infection is not
simply caused by reduced cell-to-cell movement through the mesophyll to the vasculature, but rather
involves restricted vascular loading in the inoculated leaves.

My observations of virus localization in the major veins and the petiole indicate that ASM
treatment may restrict viral movement between the phloem and mesophyll cells, because much fewer

mesophyll cells were infected with PPAMV-GFP in the ASM-treated plants than in the control plants
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(Fig. 3.7 and Fig. 6.4). Indeed, it is known that phloem tissue functions as a gatekeeper to viral long-
distance movement. One of the most critical barriers resides in the companion cells of the phloem.
Previous studies have revealed that viral systemic infection is often impeded due to failed or reduced
movement into companion cells. Nelson et al. (1993) and Ding et al. (1996) found that systemic
infection by a masked strain of tobacco mosaic virus (M-TMV) is delayed because M-TMV is unable
to efficiently enter the companion cells. It will be important to determine which cell types in the
phloem tissues of N. benthamiana plants are involved in regulating the loading of viruses, especially
when treated with ASM. Using PIAMV encoding an immobilized GFP reporter with a nuclear
localization signal or an endoplasmic reticulum retention signal will determine in more detail the
effect of ASM treatment on viral cell-to-cell movement within the phloem tissue or between phloem
and mesophyll cells.

I found that the viral accumulation in vascular tissues was reduced in ASM-treated plants,
most notably in the petiole of the inoculated leaf (Fig. 3.4, 3.6, and 3.7). There are a couple of possible
explanations for this finding. First, the ASM-mediated restriction of vascular loading of PIAMV-GFP
may simply lead to reduced viral accumulation in the rest of the plant. It is also possible that other
mechanisms associated with systemic acquired resistance (SAR) play a role in the reduced
accumulation of virus in systemic tissues. It is well known that ASM activates SAR by mimicking
the role of SA (Oostendorp et al., 2001; Vallad & Goodman, 2004; Vlot et al., 2009). SAR is typically
triggered by a cell-death associated resistance called the hypersensitive reaction, and it gives long-
lasting protection against pathogens by reducing their accumulation in systemic tissues (Tripathi et
al., 2010). It is essential to find out in a future study whether SAR, induced by ASM treatment, plays
a role in the reduced viral accumulation in the vascular tissues.

Present study also provides a novel pattern of translocation of plant viruses from the

inoculated leaf to other plant organs. Tobamoviruses (Cheng et al., 2000) and potyviruses
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(Andrianifahanana et al., 1997) employ the external phloem to move downward into the roots and the
internal phloem to move upward to upper leaves. This bi-directional pattern of vascular translocation
is also seen in the movement of photoassimilates (Slewinski et al., 2013). Unlike this translocation
pattern, I found that PIAMV-GFP was localized in both the internal and external phloem in the petiole
of the inoculated leaf (Fig. 3.6 & 3.7) and the main stem (Fig. 4.4 & 4.5). These results suggest that
potexviruses like PIAMYV mainly utilize all of the internal and external phloem as a pathway for long-
distance movement. In addition, PIAMV-GFP was often detected in the xylem as well (Fig. 3.6; 3.7;
4.4; 4.5, 6.3; 6.4; Fig. 3.4), which is similar to a previous observation of potato virus X (Betti et al.,
2012). However, since no PIAMV-GFP was detected in the main stem below the steamed point (Fig.
5.4), I assume that PIAMV may not use the xylem as the pathway for long-distance movement.

We showed that systemic infection by PPAMV-GFP in the upper leaves successfully occurred
even when we blocked downward viral movement from the inoculated leaf (Fig. 5.3 & 5.4). Then,
what is the biological relevance of the downward movement of PPAMYV into the basal stem and roots?
Some potexviruses that are economically damaging to vegetatively propagated crops, including
potatoes and ornamental flowers, can be transmitted between host plants through tubers and rootstock
(Hull, 2014; Agrios, 2005). It should be noted that systemic upward movement of PIAMV-GFP
occurred in all untreated plants with viable phloem tissues at 15 dpi, but it failed in some plants whose
phloem tissue stem below the inoculated leaves was destroyed by steam treatment (Matsuo et al.,
2019 and Fig. 5.3). Thus, it is possible that the downward movement of PIAMV-GFP makes some
contribution to its efficient upward movement. This enhancement of systemic movement by the
preceding downward movement may increase the effectiveness of horizontal transmission of
PIAMV-GFP. Taken together, I propose that impaired downward movement of PIAMV-GFP by
ASM treatment might result in its less efficient upward movement. It will be necessary to further

determine whether a similar result is found in other potexviruses.
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My present study provides an insight to the role of callose deposition to ASM-mediated
restriction of loading of plant viruses into phloem vasculature. Salicylic acid (SA) increase the
deposition of callose, resulting in limitation of bacterial pathogen infection (Lee, et al., 2011). Llorens
et al., (2017) found that the treatment of liquid bioassimilable sulphur induces callose deposition to
suppress fungal pathogen infection. Unlike this resistance mechanism, I found that ASM-mediated
restriction on loading of PPAMYV is callose deposition-independent (Fig 7.1 & 7.2). Although the level
of callose deposition increased in ASM-untreated plants, PIAMV-GFP successfully loaded into
phloem. To confirm this result, it will be necessary to evaluate whether the systemic infection of
PIAMV-GFP is also inhibited by ASM treatment in callose synthase-deficient Arabidopsis plants.

A previous study found that viruses reprogrammed the host's factor to load the virus to the
phloem successfully. For instance, TMV infection reprograms specific auxin/indole acetic acid
transcriptional regulators to enhance phloem loading in mature tissues, and also induces
plasmodesmata dilation by regulating callose deposition (Collum et al., 2016; Culver et al., 2020;
Padmanabhan et al., 2006). It is possible that ASM treatment reprograms the phloem SEs in the
treated leaves by regulating auxin levels to restrict the loading of PIAMV-GFP. However, whether

ASM treatment regulates auxin levels in treated leaves remains unclear.
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CHAPTER9
CONCLUSION

9.1 Conclusions

ASM treatment restricted the loading of PIAMV-GFP into vascular tissues in the inoculated
leaves. This led to delays in viral translocation to the petiole and the main stem, and to untreated
upper leaves. ASM treatment affected the viral localization and reduced its accumulation in the
phloem, xylem, and mesophyll tissues. A stem girdling experiment, which blocked viral movement
downward through phloem tissues, demonstrated that ASM treatment could inhibit viral systemic
infection to upper leaves, which occurred even with viral downward movement restriction. The
putative mechanism of the restriction of viral loading by ASM is in callose deposition-independent
manner. Taken together, our results showed that ASM treatment affects the loading of PIAMV-GFP
into the vascular system in the inoculated leaf, and that this plays a key role in the ASM-mediated

delay of viral long-distance movement.

9.2 Prospect for Future Research

ASM treatment delays the loading of PIAMV-GFP into vascular tissues in the inoculated
leaf, and this leads to restrict the systemic infection of viruses throughout the plant. Because vascular
loading is an essential and prerequisite step for viral long-distance movement, ASM treatment could

be an efficient method for controlling plant virus disease.
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