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ABSTRSACT
Endogenous suppressor(s) in Arabidopsis thaliana
The establishment of plant–pathogen interactions that eventually cause diseases often
involves the production by pathogens of suppressors, which counter or attenuate host disease
resistance. Our previous study showed that Arabidopsis seedlings constitutively retain a
certain compound(s), referred to as a endogenous suppressor(s) (ES), which suppress(es)
defense responses. The active fraction partitioned into the water phase after ethyl acetate
extraction and resided predominantly in the molecular weight fraction less than 3K. Foliar
application of ES enables non-adapted fungal pathogens to penetrate into epidermal cells,
eventually causing severe lesions. Interestingly, the actions of ES on Arabidopsis was quite
similar to those of the Mycosphaerella suprescins on pea, because it targeted extracellular
ATPase and peroxidase, substantially interfering with oxidative burst upon inoculation with
non-adapted pathogen or treatment with elicitor. Consequently, ES suppressed the
expression of several defense-related genes induced by non-adapted pathogen and elicitors.
It is thus likely that ES plays a role in the basic compatibility between pathogen and its host.
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CHAPTER 1
INTRODUCTION

Interactions between the plants and pathogens can be either incompatible or compatible
interaction. In an incompatible interaction, which does not result in disease, the potential
pathogen is blocked or restrained growth and reproduction by its host plant due to activation
of basic or cultivar-specific resistance (non-host resistance or host resistance). (Heath 2000)
These resistances are referred to as two branches of the plant immune systems, including
pathogen-associated molecular patterns (MAMPs or PAMPs)-triggered immunity (PTI) and
effector-triggered immunity (ETI). The former (PTI) is occurred when cell surface pattern
recognition receptors (PRRs) recognize pathogen-associated molecular patterns (PAMPs),
while the latter is occurred when intracellular nucleotide binding-leucine rich repeat (NLR)
proteins subsequently detect effector secreted by the pathogens inside the cell. Plants have
evolved the intrinsic capacity to detect and respond to invading pathogens, therefore, are
resistant/immune to the vast majority of potential pathogens. In contrast, a compatible
interaction is established when basal defense responses (PTI or ETI) of host plant is
overcame by successful pathogens (adapted pathogens) that use secreted pathogen-derived
effectors to interfere with these processes before or during invasion of a host cell, resulting
in development of disease symptoms

(Jones and Dangl, 2006). Therefore, the plant–

microbe interactions is basically regulated by both of pathogen-derived elicitors and
suppressors (or effectors). While elicitors are well known to induce plant defense responses
through the formation of diverse physical and chemical barriers, suppressors (or effectors)
are initially postulated to suppress general defense reactions, eventually affecting pathogen
fitness and the establishment of susceptibility (Shiraishi et al., 1997). It has been found that
the fungal suppressor from the spore germination fluid of a pea pathogenic fungus,
Mycosphaerella pinodes (Berk and Blox) Vestergren, actively blocks the signal transmission
pathway and consequently inhibits elicitor-induced defense responses, such as accumulation
of pathogenesis-related proteins (PRs), the production of phytoalexin, superoxide generation,
the synthesis of infection-inhibitors and so on, in host cell (Shiraishi et al., 1997).
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Interestingly, Shiraishi et al., 1989 first discovered infection-enhancing factor (IEF)
present in healthy barley leaves, specifically induces susceptibility of barley plants even to
incompatible races of Erysiphe graminis f. sp. hordei. by modifying barley metabolism. The
same type of infection enhancing factors are also found in healthy wheat (Shiraishi et al.,
1989), pea leaves (Nasu et al. 1992 1995), Komatsuna (Brassica rapa var. perviridis) (our
unpublished data) seedlings, and Arabidopsis thaliana Col-0 (the present study), suggesting
that IEF is commonly produced by plants themselves to play a role in conditioning plant
susceptibility. The infection-enhancing factor (IEF), tentatively called “endogenous
suppressor”, has been defined as a plant-derived molecule(s) that specifically suppress(es) or
delay(s) the basal defense and non-host resistance responses of plants (Nasu et al., 1992).
Actually, purified ES from pea leaves can suppress elicitor-induced accumulation of
phenylalanine ammonia-lyase (PAL)-mRNA in pea tissues, causing a delay of accumulation
of phenylalanine ammonia-lyase (PAL)-mRNA in pea tissues, causing a delay of
accumulation of the phytoalexin pisatin (Nasu et al., 1992). Consistently, the ES allows a
non-adapted fungal pathogen to cause disease symptom when applied to the pea leaves
(Nasu et al., 1992). Interestingly, the action of the pea ES is quite similar to that of the
Mycosphaerella supprescins produced by a fungal pathogen, Mycosphaerella pinodes (syn.
Peyronellaeapinodes) (Shiraishi et al., 1992, 1997; Toyoda et al., 2016; Yamada et al., 1989;
Yoshioka et al., 1990) because the ES can severely inhibit host’s ATPase, temporarily
reducing the ability of the host cell to defend itself (Nasu et al., 1992, 1995).
Since a non-adapted pathogen is not able to infect to non-host plants, it is unlikely that
endogenous suppressor acts in the health plants under natural conditions. Endogenous
suppressor may exist as an inactive form in the healthy plants or be transferred to the
infection sites upon inoculation with virulent pathogens (Shiraishi, 1989).
Until fairly recently, the role of endogenous suppressor function in regulation of basic
compatibility in reaction to host-parasite specificity has not been disclosed yet. Why do
plants commonly produce such the susceptibility inducing factors? One possible role of the
ES is assumed to be involved in the trade-offs between growth and defense in plants by
preventing excessive defense responses during infection. Alternatively, it is also possible
that virulent pathogens are able to develop and/ or utilize the endogenous suppressor to
establish compatibility with their own hosts or promote their own infection (Figure 1.1)
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Figure 1.1. Presumption of the potential role of endogenous suppressor

Many researchers have put more effort into elucidating disease resistance mechanisms,
however, little known about the molecular mechanisms by which pathogens avoid or
overcome host defense. Also, the key events involved in establishment of basic
compatibility between pathogen and host has remained elusive. Apparently, comprehensive
studies with the endogenous suppressor might be a key point to disclose the crucial
phenomena that advanced understanding of the basic mechanisms on induced susceptibility.
The purpose of this study is thus to isolate and characterize the endogenous
suppressor(s) from Arabidopsis thaliana ecotype Col-0 as a model plant for studying hostpathogen interactions to gain insight into the molecular mechanisms on the endogenous
suppressor-mediated susceptibility using purified ES preparation.
Our present study demonstrated that endogenous suppressor, metabolite of Arabidopsis
thaliana Col-0, is able to function as pathogen-derived suppressors in conditioning plants
susceptibility even to non-adapted pathogens, resulting in severe lesions formation on Col-0
plants. Interestingly, endogenous suppressor alters infection behavior of non-adapted fungal
pathogens, leads to enhanced fungal entry mode so-called hyphal tip-based entry (HTE)
(Hiruma et al., 2010) in which melanization of appressoria is dispensable during
pathogenesis on Arabidopsis (wild type) Col-0 plants. We show that endogenous suppressor
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interferes with pathogen-associated molecular patterns (PAMPs)-triggered immunity (PTI)
responses through disturbing extracellular ATPase and peroxidase, subsequently inhibiting
the oxidative burst in response to non-adapted Colletotrichum gloeosporioides (Cg) or
Mycosphaerella pinodes, and elicitation.

4
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CHAPTER 2
MATERIALS AND METHODS

Plant materials and growth conditions
Seeds of Arabidopsis thaliana Col-0 were sown on water-swelled Jiffy-7 peat pellets
(AS Jiffy Products, Oslo, Norway) and grown for 2 weeksin the growth chamber (Sanyo
MLR-350) at 22oC, with a 10 h light/14 h dark cycle at 11.8 W m-2, and the seedlings were
transferred to small plastic pots containing Supermix-A soil (Sakata Seed Co., Ltd.,
Yokohama, Japan) mixed with vermiculite in ratio 1:1. Seedlings were grown under the
same condition for additional 3-4 weeks before use.
Pathogen inoculation
Colletotrichum gloeosporioides strain S9275 and Mycosphaerella pinodes were
cultured on PDA medium (Becton, Dickinson and Company, USA) at 23oC for 2-3 weeks
under near-UV fluorescent light to promote sporulation. Concentration of spore suspension
is adjusted to 5x105 conidia/ mL for experimental assays.

Bioassays
For the assay to check the ES-mediated disease susceptibility, conidial suspension
of Colletotrichum gloeosporioides strain S9275, a causal agent of a mulberry anthracnose,
or Mycosphaerellapinodes, a causal agent of Mycosphaerella blight on pea, which are not
pathogenic to Arabidopsis Col-0, was mixed with the ES preparation, then 5 µl of the
mixture was dropped on the adaxial surface of detached leaves. The inoculated leaves were
kept in a dew chamber at 22C, with 10h illumination per day at 11.8 W.m-2. Symptoms of
disease were assessed 4 days after inoculation.

Purification procedure of endogenous suppressor from A. thaliana plants
5-6-week-old healthy Arabidopsis thaliana Col-0 plants were collected. 100 g of
fresh leaves were grinded in liquid nitrogen for 5 min, and then 200 mL of distilled water
was added. The homogenate was filtered through Miracloth (Calbiochem Catalog No.
475855). The filtrate was subjected to centrifugation at 12 000 rpm for 15 min at 4oC. The
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aqueous phase was collected and subjected to solvent extraction with ethyl acetate through
separatory funnel. The bottom layer (sample) was collected, then remove solvent ethyl
acetate and water through rotary evaporator and lyophilization (freeze-drying) equipment,
respectively. The samples were then subjected to size exclusion chromatography (SEC),
Tosoh Toyopearl HW-50S resin using a Omnifit labware column. The fractions were
collected from this column each 2.5 min and active fractions were detected through
bioassays to obtain active compounds (ES-1). A cartridge-based ion-exchange in solid phase
extraction (SPE) (Oasis MCX 6cc (500 mg) LP extraction cartridges) was then used to
purify the ES-1 following the protocol provided by the company. The elute 2 was harvested
and tested for the bioactivity through bioassays. The active purified isolate (ES-2) from elute
2 was then transferred to Amicon Ultra 3K centrifugal filter device with a 3,000 Da cutoff,
spin at maximum 5000 x g for 45 minutes using fixed angle rotor. The filtrate was subjected
to size exclusion high-performance liquid chromatography (HPLC) column (TSK-GEL
G3000 SWXL). Further purification attempt by reverse-phase HPLC chromatography
(YMC-Pack ODS AQ). The bioassays were carried out to detect the active fractions (ES-3)
from the reverse-phase HPLC column before completion of analysis chemical structure of
ES using liquid chromatography-mass spectrometry (LC-MS) and LC-MS/MS.

Quantitative RT-PCR analysis
Total RNA (500 ng) of four-week-old Arabidopsis thaliana Col-0 plants was
isolated using TRIZOL Reagent following the manufacturer’s instructions (Invitrogen,
U.S.A). Total RNA (0.5 µg of each sample) was reverse-transcribed to synthesize cDNA
with AMV reverse transcriptase (Takara Bio, Otsu, Japan) in a reaction mixture (10

l)

containing 10 U of RNase inhibitor (Promega, Madison, WI, USA), 1 mM dNTPs, 0.4 µg of
oligo(dT)12-18, as described previously (Toyoda et al. 2013). A 1-µL sample of ten folddiluted cDNA was analyzed for qPCR with a Shimadzu GVP-9600 (Simadzu Co., Kyoto,
Japan) using the following program: 5-min incubation at 95°C followed by 50 cycles of 3s
at 95°C, 30 s at 60°C, 1 ending cycle at 72°C for 2 minutes in the reation mixture (10
µl) containing 5 µl of KAPA SYBR FAST Universal qPCR Master Mix (KAPA Biosystems,
Boston, MA, USA) and 100 nMof each gene-specific primer set, listed in the Table 1. The
resulting qRT-PCR data, cycle threshold (Ct) values were used to calculate the relative
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mRNA abundance according to the comparative 2-ΔΔCT method (Livak and Schmittgen
2001) with the EF1-a as the constitutively expressed gene.

Table 2.1. Primers sequence used for quantitative RT-PCR
Genes

Accession

Forward (5’>3’)

Reverse (5’>3’)

PEN2

At2g44490

TAACATGCTTCTAGCGCACGCAG

CATCTGGATCACTCGGATCATATG

PEN3

At1g59870

GGTGTTAAGAACAGTCTCCGTCAC

TCTTCTGACCTCCAGATATACC

FRK1

At2g19190

ACGGGCATAGTTCCACAAAG

CGTCAAAAGAACGACGATGA

NHO1

At1g80460

GCTGCTCCTAATGCTGTTGTC

GATTCAGGCTGATCTGATGG

WRKY22 At4g01250

TCCTTCGGAGAGATTCGAGA

CTGCTGCTACATGGCACACT

WRKY29 At4g23550

GCGTAAATACGGGCAGAAAC

GGTTTGGGTTGGGAAGTTTT

PR-1

At2g14610

CCCACAAGATTATCTAAGGGTTCAC

CCCTCTCGTCCCACTGCAT

PR-2

At3g57260

CTTCAACCACACAGCTGGA

GCATTCGCTGGATGTTTTGT

PR-3

At3g12500

GGCAAACGCTACTACGGAAG

AAGCGATCACTGCGTCGTT

PRX33

At3g49110

GATTGTGTCAGTGGCATTGG

TCAATGTCCTCGCAATGGTA

PRX34

At3g49120

GAGCTGCAATGGTGAGCATA

AGTTAAGGTCGGACCCTCGT

EF-1α

At5g60390

TGGTGACGCTGGTATGGTTA

CATCATTTGGCACCCTTCTT

Reactive oxygen species (ROS) detection assays
The histochemical detection of H2O2 was performed as described by HansChristensen et al., 1997. The inoculated sites on leaves are overlaid with a 6μl droplet of
diaminobenzidine (1mg/ml 3,3’-diaminobenzidine (DAB)-HCl, Wako pure chemical
industries company, Japan) per respective inoculation spot, and then incubated in the growth
chamber at 22oC for 8 h. Then the leaves were bleached by methanol 99% before
observation under microscope. H2O2 was visualized as a reddish-brown colouration.
The accumulation of superoxide was measured using a chemiluminescence probe
L-012 (L-012 1 mM, Wako pure chemical industries company, Japan). For elicitor-induced
superoxide production assay, leaves of five-week-old Arabidopsis plants were excised into
leaf discs (diameter 0.5 cm), following by an overnight incubation with MilliQ water to
eliminate wounding effect. Then, the five leaf discs were floated in 100 µl of elicitors. 1
hour after elicitation, 20 µl of the elicitor-treated solutions were harvested and mixed with 5
µl chemiluminescence probe L-012 (20 mM). The chemiluminescence was quickly

7

measured for 60 s by luminometer (Lumat LB 9507, Berthold Technologies, U.S.A). For
fungal pathogen-induced superoxide production assay, five-week-old Arabidopsis leaves
were inoculated with 10 µl drop of 5x105 conidia/ ml suspension of non-adapted Cg. 12 µl
of the inoculated suspension was collected and mixed with 3 µl chemiluminescence probe L012 (1 mM) in a plastic tube. Superoxide production was measured by luminometer (Lumat
LB 9507, Berthold Technologies, U.S.A) for 60 s.

ATPase activity assays
ATPase activity was determined by assaying the release of inorganic phosphate as
previously described by (Perlin & Spanswick, 1981). The ATPase assay was carried out in a
final volume of 25 µL of 30 mM Tris-MES (pH 6.5) which contained 3 mM Mg-ATP and 1
µg of the cell wall proteins obtained from healthy Col-0 plants following the protocol
described by (Kiba et al., 1995) in the absence or presence of endogenous suppressor (ES-2).
The reaction was transferred to a 25oC water bath for 20 min. The 50 µL of reagent,
consisting of five parts 0.42% ammonium molybdate reagent and one part 10% ascorbic acid,
was added to the respective reaction mixtures. After incubation at 25oC for 30 min, the
amount of inorganic phosphate was determined at 820 nm with a spectrophotometer
(Shimadzu UV mini 1240 UV-VIS spectrophotometer, Japan).

8
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CHAPTER 3
EXTRACTION AND PURIFICATION
OF ENDOGENOUS SUPPRESSOR IN ARABIDOPSIS PLANTS

Figure.3.1. A flow chart of extraction and purification of Endogenous Suppressor (ES)
from Arabidopsis thaliana Col-0 plants
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Figure 3.2. Schematic representation of extraction and purification procedure of ES
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1. Crude endogenous suppressor fractions (ES-1)
5-6-week-old healthy Arabidopsis thaliana Col-0 plants were collected. 100 g of fresh
leaves were grinded in liquid nitrogen for 5 min, and then 200 mL of distilled water was
added. The homogenate was filtered through Miracloth (Calbiochem Catalog No. 475855).
The filtrate was subjected to centrifugation at 12 000 rpm for 15 min at 4oC. The aqueous
phase was collected and subjected to solvent extraction with ethyl acetate through separatory
funnel (the aqueous phase: ethyl acetate (1:1, v/v)) for two times. The bottom layer (sample)
was collected, then removed solvent ethyl acetate and water through rotary evaporator and
lyophilization (freeze-drying) equipment, respectively. The samples were then subjected to
size exclusion chromatography (SEC), Tosoh Toyopearl HW-50S resin using a Omnifit
labware column with 1 milliliter per minute (mL/min) in flow rate. The fractions were
collected from this column each 2.5 min, then active fractions were detected through
bioassays to obtain active compounds (ES-1) (Figure 3.3; 3.4).
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Chart Recorder (BioLogic LP Chromatography systems

Figure 3.3. Gel infiltration chromatography of ES
Separation of endogenous suppressor by size exclusion chromatography (SEC) followed by
bioassays.
(a). Size exclusion chromatography (SEC) chromatogram of the ES.
Wavelength UV detection at 280nm and 254nm. Flow rate: 1 mL/min
Solvent: Autoclaved distilled water
Column: Toyopearl HW-50 size exclusion chromatography (SEC) resins (Exclusion limit:
80,000 Da). *Red zone indicates ES active fractions
(b). Lesions on Arabidopsis Col-0 leaf at 3 dpi with non-adapted C. gloeosporioides S9275
in presence of active fraction from size exclusion chromatography column. Spore inoculum
concentration were adjusted to 5x105 spores/ mL
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Figure.3.4. Bioassay for detection of ES active compounds (ES-1)
Lesions on leaves at 4 dpi with non-adapted C. gloeosporioides S9275 and M.
pinodes in presence of ES-1.
Cg developed intracellular hyphae (ih) with defective formation of melanized
appressoria after 3 days later on Col-0 in present of ES-1. Spore inoculum
concentration were adjusted to 5x105 spores/mL. (s, spore; gt, germ tube; ap,
appressoria; ih, intracellular hyphae; ES-1, crude endogenous suppressor fraction; W,
water)

2. Elute 2
A cartridge-based ion-exchange in solid phase extraction (SPE) (Oasis MCX 6cc (500
mg) LP extraction cartridges) was then used to purify the ES-1 following the protocol
provided by the company (Figure 3.5).
1. Condition A cartridge-based ion-exchange in solid phase extraction (SPE) (Oasis MCX
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6cc (500 mg) LP extraction cartridges) with Methanol. Methanol is eliminated using a
pump and centrifugation at 500 rpm for 5 min.
2. Equilibrate with water, then eliminate water through a vacuum pump and centrifugation
at 500 rpm for 5 min.
3.

Load diluted ES-1 in water (10 mg/mL) onto the sorbent bed, pull the vacuum pump
slightly to let the sample passes through the column of Oasis MCX cartridge for 2 times,
then loading sample was eliminated completely through centrifugation at 500 rpm for 5
minutes.

4.

Apply 2% formic acid in water and let it flow through by gravity before using vacuum
pump and centrifugation at 500 rpm for 5 min.

5. Apply 100% methanol and let it flow through by gravity before using vacuum pump and
centrifugation at 500 rpm for 5 min.
6. Apply 5% NH4OH in methanol and let it flow through by gravity before using vacuum
pump and centrifugation at 500 rpm for 5 min. The elution solvent (elute 2) was
collected.
Contaminated methanol, NH4OH and water in elute 2 were then eliminated through
rotary evaporator (40oC for 20-40 min) and lyophilization (freeze-drying) equipment,
respectively.
The elute 2 was diluted in water to adjust concentration at 10 mg/mL before testing for
the bioactivity through bioassays (Figure 3.6).
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Figure 3. 5. Solid Phase Extraction (SPE) Cartridge
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Figure 3.6. Bioassays to detect active Elute 2
Lesions on leaves at 3 dpi with non-adapted C. gloeosporioides in presence of Elute 2 (5
mg/ mL). Observational data under microscope (ih, intracellular hyphae)

3. Partially purified ES (ES-2)
The active purified isolate from elute 2 was then transferred to Amicon Ultra 3K
centrifugal filter device with a 3,000 Da cutoff, spin at maximum 5000 x g for 45 minutes
using fixed angle rotor. Lyophilization (freeze-drying) was applied to evaporate water
content in the filtrate before carrying out the bioassay to test for bioactive (Figure 3.7).
The filtrate was subjected to size exclusion high-performance liquid chromatography
(HPLC) column (TSK-GEL G3000 SWXL) (Figure 3.9) or Thin Layer Chromatography
(TLC) (Figure 3.8). The bioassays were carried out to detect the active fractions from size
exclusion HPLC column (TSK Gel G3000 SWXL) and TLC. The active fractions from the
size exclusion HPLC column were then subjected to HPLC reverse phase chromatography
(column, YMC-pack ODS-AQ; eluent, 2.5% methanol; flow rate, 0.5 mL/ min; monitor,
A210; sample, 3 mg/mL in Mili-Q water x 10 µL) followed by bioassay (Figure 3.10; 3.11).
The active fractions from size exclusion HPLC column (TSK Gel G3000 SWXL) was
subjected to liquid chromatography-mass spectrometry (LC-MS) and LC-MS/MS for
analysis chemical structure of endogenous suppressor.
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Figure 3.7. Bioassays to detect active the filtrate
Lesions on leaves at 3 dpi with non-adapted C. gloeosporioides in presence of the filtrate (5
mg/ mL). Observational data under microscope (ih, intracellular hyphae; s, spore; ap,
appressorium).
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Figure .3.8. Separation of the Elute 2 by thin layer chromatography (TLC) and detection
of active fractions using bioassays
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Figure 3.9. Separation of the ES-3 by size exclusion HPLC and bioassays to detect active
fractions
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Figure 3.10 . Separation of endogenous suppressor by HPLC reverse-phase chromatography
HPLC chromatogram of the ES-2. (A) Active fraction from the HPLC column (YMC-Pack
ODS AQ) was showed peak at 6.32 min after eluting. (column, YMC-pack ODS-AQ;
eluent, 2.5% methanol; flow rate, 0.5 mL/ min; monitor, A210; sample, 3 mg/mL in Mili-Q
water x 10 µL). (B) The active fraction F4 (ES-3) was positive reaction in Ninhydrin test .
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Figure 3.11. Lesions on Arabidopsis Col-0 leaves with non-adapted C. gloeosporioides (Cg)
and M. pinodes (Mp) in the presence or absence of the active fraction (ES-3; 3 mg/ml) were
observed at 3 dpi (a). Light microscopic observation of fungal C. gloeosporioides and M.
pinode (b). Mean frequency of C. gloeosporioides and M. pinodes penetration into
Arabidopsis Col-0 plants 3 dpi in the presence or absence of ES (c). Spore inoculum
concentration were adjusted to 5x105 spores/ mL. The asterisks indicate significant
difference from water treatment using Tukey`s test (** P<0.01). (s, spore; ap, appressoria;
ih, intracellular hyphae; ES, active fraction from reverse-phase HPLC column ; DW,
distilled water).
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CHAPTER 4
STRUCTURAL CHARACTERIZATION AND PROPERTY ANALYSIS
OF THE PURIFIED ENDOGENOUS SUPPRESSOR

1. Molecular weight cut-off experiments.
Molecular weight cut off method was performed to determine the size of endogenous
suppressor (ES) as well as obtaining high purification of ES.
Centrifugal Filter Devices: Amicon Ultra-0.5 mL centrifugal filter devices
1. Insert Microcon sample reservoir into vial
2. Pipette partially purified ES (ES-2) (10 mg/mL in concentration) into sample
reservoir (0.5 mL maximum volume) without touching the membrane with the
pipette tip. Seal with attached cap.
3. Place assembly in a compatible centrifuge and counterbalance with a similar
device, centrifuge for 15-30 min at 14000 xg
4. Remove assembly from centrifuge, separate vial from sample reservoir.
5. The filtrate was collected to test for bioactivity of ES
The results of figure 4.1 showed that ES-2 (10 mg/mL) could not be retained by any
membranes of centrifugal filter devices (100k, 50k, 30k, 10k, 3k, 2k), indicating that
molecular weight of endogenous suppressor might be below 2000 NMWL (Nominal
Molecular Weight Limit). We decided to use a centrifugal device 3000 NMWL (3k) for
concentrating endogenous suppressor from ES-2.
The filtrate of ES from a centrifugal device 3000 NMWL (Amicon Ultra devices 3k)
was tested for endogenous suppressor bioactivity through bioassays. The results of figure
2.2 showed that all the filtrate contained active endogenous suppressor since it enabled nonadapted fungal pathogen Cg (C. gloeosporioides S9275) to cause disease symptoms on
Arabidopsis leaves, and penetration behavior (penetration hyphae tip-based entry (HTE))
was like endogenous suppressor (ES-1). The filtrate was collected and adjusted to 100 mg/
mL of concentration for storage (ES-2).
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Figure 4.1. Molecular weight cut-off experiments with Amicon Ultra-0.5 mL centrifugal
filter devices (100k, 50k, 30k, 10k, 3k, 2k). Lesions on leaves at 4 dpi with non-adapted C.
gloeosporioides S9275 in presence of the filtrated (100k, 50k, 30k, 10k, 3k, and 2k). ES-2
(10 mg/mL) was a positive control, DW: distilled water. Spore inoculum concentration were
adjusted to 5x105 spores/mL

2. Dilution end-point assay
A dilution end-point assay was performed to determine the actual concentration of ES that
could induce susceptibility of Arabidopsis to non-adapted fungal pathogen Cg. 10 mg/ mL
in concentration of filtrate, which has been separated with Amicon devices (less than 3K),
were diluted to 1; 2; 5; 10; 50 times respectively, was then tested for bioactive through
bioassays. The results of figure 4.2 showed that the filtrate in concentration of 0.5 -5 mg/
mL (from 1 to 10-fold dilutions) enable non-adapted fungal pathogen Cg to cause disease
symptoms on Arabidopsis leaves. On the other hand, the filtrate in concentration of 0.1 mg/
mL (50-fold dilutions) could not show any disease symptoms, suggesting that the minimum
concentration of active ES-3 induced the susceptibility of Arabidopsis to non-adapted fungal
pathogen Cg might be higher than 0.5 mg/ mL.
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Figure 4.2. Dilution end-point assays of endogenous suppressor.
5 mg/ mL in concentration of the filtrate, which has been separated with Amicon devices
(less than 3K), was diluted to 1; 2; 5; 10; 50 times. The diluted filtrate was then tested
for induction of of susceptibility. Lesions on leaves at 3 dpi with non-adapted C.
gloeosporioides S9275 in presence of the diluted filtrate. Spore inoculum concentration
were adjusted to 5x105 spores/ mL. (DW: distilled water).

3. Heat tolerance test
A heat test was carried out to determine the stability of endogenous suppressor to heat
stress. 10 µL of the filtrate, which has been separated with Amicon devices (less than 3K),
was heated at 60oC and 80oC for 20 minutes before testing for the bioactivity through
bioassay. The results of figure 4.3 showed that heat-treated ES enabled non-adapted fungal
pathogen Cg to cause disease symptoms on Arabidopsis leaves, suggesting that endogenous
suppressor activity of the filtrate was quite stable under severe heat stress (80oC for 20
minutes).
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Figure 4.3. Heat stability of ES. Ten microliters of the filtrate, which has been separated
with Amicon devices (less than 3K) (10 mg/mL), was heated at 65oC or 80oC for 20 minutes
before the bioassay. Conidial suspension of C. gloeosporioides was used for bioassays.
Photo was taken at 3 dpi.

4. Proteinase digestion assay
Proteinase K is a serine protease that is useful for general digestion of protein in biological
samples. The assay was performed to determine whether endogenous suppressor activity of
Arabidopsis is sensitive to Proteinase K.
Proteinase K (ProK):
Concentration: 20 mg/mL (5mL of stock)
Mass of Proteinase K: 28930 Da
Concentration for assay: 400-2000 μg/mL
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The reaction mixture was prepared as followed
Water

5

4

3

0

μL

ProK

0

1

2

5

μL

0%

2%

4%

10%

45

45

45

45

ES (10 mg/mL)

μL

(ES is the filtrate which has been separated with Amicon devices (less than 3K))
The reaction mixture was incubated for overnight at 37oC and was then subjected to
centrifugal filter device 3000 NMWL (Amicon Ultra devices 3k) in order to eliminate
proteinase K, the filtrate was collected for bioassay test. The result of figure 4.4 showed that
disease symptoms caused by a non-adapted fungal pathogen Cg could be observed in
presence of the filtrates, suggesting endogenous suppressor of Arabidopsis was insensitive
to Proteinase K.
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Figure 4.4. Proteinase K digestion assay. 45 µL of the filtrate, which has been separated with
Amicon devices (less than 3K) (10 mg/mL), was mixed with Proteinase K ranging from 0-2
mg/ml (final concentration.). The reaction mixture was incubated for overnight at 37oC and
then subjected to centrifugal filter device (Amicon Ultra devices 3K) to eliminate proteinase,
the filtrate was used for bioassay with C.g. Lesions on leaves at 3 dpi with non-adapted C.
gloeosporioides S9275 in presence of the filtrate. Spore inoculum concentration was
adjusted to 5x105 spores/ mL. (DW: distilled water).

5. Ninhydrin test
Active fractions of endogenous suppressor from size exclusion HPLC column (TSK Gel
G3000 SWXL) and HPLC reverse-phase chromatography with YMC HPLC column (YMCPack ODS AQ) were prepared for ninhydrin test. Ninhydrin solution (0.24% ninhydrin in
ethanol) for amino group detection was prepared by weighing 0.6 g of ninhydrin in 250 mL
ethanol. The samples were dropped on TLC plate, let it dry out before staining with
ninhydrin solution. The stained samples were then heated up for a few minutes to observe a
purple color as a positive test result.
The results of figure 4.5 & 4.6 showed that all active fraction of ES from HPLC column
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came out to have a purple color on TLC plate, indicating positive ninhydrin test results.
Therefore, endogenous suppressor might contain amino acid groups.

6. Bio-Rad Protein Assay (Lowry)
Lowry (Folin) protein assay was performed to detect peptide bonds in the active
fractions of endogenous suppressor from size exclusion HPLC column (TSK Gel G3000
SWXL).
Pipet 5 µL of standards and the active fractions ES (10 mg/mL) into clean, dry test tubes.
Add 25 µL of reagent A into each test tube and vortex. Add 200 µL reagent B into each test
tube and vortex immediately. Wait for 15 min in room temperature before observing the
dark blue color coming out as a positive Lowry protein assay. Unlike water as a control, the
samples tested (F3 and F4) in the Lowry assay came out to have a blue color referring
positive test results. This indicates that the active fractions of ES possibly contained peptides
bonds (figure 4.5C).
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Figure 4.5. Separation of endogenous suppressor by size exclusion HPLC followed by
bioassays and ninhydrin test
(a) HPLC chromatogram of the ES. Active fraction from the size exclusion HPLC
column (TSK Gel G3000 SWXL) was showed peak at 29.06 min. (column, TSK Gel
G3000 SWXL; particle size, 5µm; pore size, 25nm; flow rate, 0.4 mL/ min; solvent,
water; detector, UV 210nm; sample, 10 mg/mL in Mili-Q water x 10 µL)
(b) Lesions on Arabidopsis Col-0 leaves at 3 dpi with non-adapted C. gloeosporioides
S9275 in presence of active fraction from HPLC column (3 mg/ mL). Spore
inoculum concentration were adjusted to 5x105 spores/ mL
(c) & ( d) Active fractions from HPLC column gave a positive ninhydrin test result (c)
and Lowry (Folin) protein assay (d)
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Figure 4.6. Separation of endogenous suppressor by HPLC reverse-phase chromatography
followed by bioassays and ninhydrin test
(a) HPLC chromatogram of the ES. Active fraction from the HPLC column (YMC-Pack
ODS AQ) was showed peak at 6.32 min. (column, YMC-pack ODS-AQ; eluent,
2.5% methanol; flow rate, 0.5 mL/ min; monitor, A210; sample, 3 mg/mL in Mili-Q
water x 10 µL)
(b) Lesions on Arabidopsis Col-0 leaves at 3 dpi with non-adapted C. gloeosporioides
S9275 in presence of active fraction from HPLC column (3 mg/ mL). Spore
inoculum concentration were adjusted to 5x105 spores/ mL
(c) Active fractions from reversed-phase HPLC column gave a positive ninhydrin test
result.
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Properties of ES
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5
CHAPTER 5
MODE OF ENDOGENOUS SUPPRESSOR
ON ARABIDOPSIS THALIANA

1. ES induces susceptibility of Arabidopsis thaliana to non-adapted pathogens
Non-adapted fungal pathogen Colletotrichum gloeosporioides S9275, a mulberry (Morus
nigra) anthracnose fungus (hereafter call Cg), and Mycosphaerella pinodes, which causes
leaf spots (blight) on pea (Pisum sativum L.), failed to attack Arabidopsis epidermal cells
even though they form melanized appressoria within 10-12 h. This is because of non-host
resistance responses of A. thaliana plants against non-adapted fungal pathogens as a wellknown phenomenon. However, conidial suspension of Cg or M. pinodes were inoculated
together with endogenous suppressor (hereafter call ES), which was obtained from healthy A.
thaliana Col-0 plants, enable these fungi to form successfully aberrant invasion hyphae
inside epidermal cells on A. thaliana plant, resulting in severe lesions formation at
inoculation sites at 4 days post-inoculation (dpi) (Fig 5.1). These results suggest that ES
treatment completely blocked non-host resistance responses, resulting in susceptibility of A.
thaliana plants to non-adapted pathogen Cg as well as M. pinodes.
Next, in order to determine which layer of plant immune systems might be a target of
ES mechanism, non-adapted M. pinodes was inoculated on Arabidopsis npr1 (nonexpressing NPR1 protein) and jar1 (jasmonic resistant 1) mutants, which are blocked
salicylic acid (SA) and jasmonic acid (JA) signal transduction pathways, respectively. The
data in Figure 5.2 showed that Arabidopsis mutants were more highly susceptible to nonadapted M. pinodes compared with wild-type Col-0 plants in the presence of ES, indicating
that ES possibly targeted at the first layer of plant immune systems called pathogen associate
molecular patterns-triggers immunity (PTI).
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Figure 5. 1. ES induces susceptibility of Arabidopsis thaliana to non-adapted pathogens.
Arabidopsis Col-0 leaves were inoculated with conidial suspension (5×105 spores/ml) of
either Colletotrichum gloeosporioides S9275 (a) or Mycosphaerella pinodes OMP-1 (b) in
the presence of distilled water (DW) as a control or ES (crude ES fraction, ES-1; 10 mg/ml).
C. gloeosporioides(Cg) and M. pinodes (Mp) caused symptoms only in the presence of ES
(arrow). Lesions on leaves were observed at 4 days post-inoculation (dpi). Scale bar = 1 cm.
Microscopic observation revealed that non-adapted C. gloeosporioides and M. pinodes
successfully developed intracellular hyphae at 3 dpi in the presence of ES-1. Notably, C.
gloeosporioides extended intracellular hyphae without forming melanized appressoria on
Arabidosis Col-0 leaves treated with the ES-1. Scale bar = 10 m. Quantitative analysis of
lesion development was also performed at 4 dpi using an Assess 2.0 Image Analysis
Software for Plant Disease Quantification (APS Press, Saint Paul, MN, USA). Asterisks
indicate significant difference from the control using Tukey’s test (***, p < 0.001). s, spore;
gt, germ tube;ap, appressoria; ih, intracellular hyphae
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Figure 5.2. ES-1 caused more severe symptoms on npr1-2 and jar1-1 mutants.
Detached leaves of npr1-2 and jar1-1 plants were inoculated similar as described above.
Both mutants were the A. thaliana Col-0 background. Lesion caused by M. pinodes on the
wild-type, jar1-1 and npr1-2 mutants in the presence of ES-1 (10 mg/ml) (white arrow).
Photos were taken at 4 dpi. Scale bar = 1 cm.

Surprisingly, microscopic analysis revealed that infectious hyphae of Cg were directly
developed from fungal hyphae tip, but not from intracellular primary hyphae beneath normal
melanized apperssoria as a common mechanical penetration of Colletotrichum species. The
infectious hyphae occasionally extended from inside plant cell to cell or grew on cell wall
surfaces of A. thaliana plants (Fig. 5.3 & 5.4). Moreover, in presence of ES, Cg did not form
melanized appressoria, but formed small colorless appressorium-like structure which
differed in direction of invasion hyphae growth. Germinated conidia which formed
appressoria with detectable pigmentation with melanin almost failed to form intracellular
hyphae on A. thaliana plant (Fig. 5.1). These results demonstrate that Cg entry into
A.thaliana plants occured independently of appressorium melanization in the presence of ES.
In other word, ES possibly mediated melanized appressorium development of Cg conidia
resulting in enhanced specifically the virulence of Cg on A. thaliana plants.
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Figure 5. 3. Infection behavior of Cg on Col-0 plants in the presence of ES. Development of
Cg appressoria on Col-0 plants after treatment with distilled water as a control (a). Cg
developed intracellular hyphae (ih) with defective the formation of melanized appressoria
after 3 days later on Col-0 at the present of ES-1 (10 mg/ml) (b). (s, spore; gt, germ tube; ap,
appressoria; ih, intracellular hyphae).
1 hpi

3 hpi

5 hpi

8 hpi

Distilled
water

ES

Figure 5.4. Effect of ES-1 (10 mg/ml) on pathogenesis of infection of C.g on Col-0 plant
DW, distilled water

This result is consistent with the findings of Hiruma et al., 2010 that non-adapted
pathogen Cg caused lesion on Arabidopsis thaliana mutant pen2 plants via an alternative
cellular entry in which melanization of appressoria are dispensable. Cg does not form
melanized appressorium in the presence of monosaccharides such as Glc during
pathogenesis on Arabidopsis pen2 mutants. Instead, it develops intracellular hyphae from
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undifferentiated hyphae tips which is called hyphae tip-based entry (HTE) (Hiruma et al.,
2010). HTE-type penetration is also observed on wild-type Col-0 and pea plants exposed to
heat shock treatment as well as PsAPY1-silenced pea plants, which is impaired in ectoATPase activity (our unpublished data). “HTE-type penetration” is probably emerged in
consequence of defective in plant defense responses (Figure 5.5)

Figure 5.5. Non-adapted Colletotrichum pathogen penetrates directly into the epidermal
cells of Arabidopsis lacking penetration resistance, without forming an appressorium.

2. ES directly blocks the oxidative burst in response to non-adapted Cg and PAMP
elicitors
Reactive oxygen species (ROS), especially hydrogen peroxide (H2O2) and superoxide
anion (O2-), are common components of the plant defense responses against pathogens. It
has been well known that oxidative burst is one of the earliest cellular responses to invading
avirulent pathogens, but it is suppressed by virulent pathogens, indicating a role of ROS in
pathogen recognition and the establishment of plant defenses (Wojtaszek, 1997; Lamb &
Dixon, 1997; G P Bolwell, 1999). Pathogen-derived elicitors, often referred to as pathogenassociated molecular patterns (PAMPs) trigger an oxidative burst resulting in activation of
plant defense responses including synthesis of pathogenesis-related proteins (PRs),
accumulation of phytoalexins, papilla formation and hypersensitive response (HR)
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(Chisholm et al., 2006; Gadjev et al., 2008; Asai and Yoshioka, 2009; Zurbriggen et al.,
2009; Hemetsberger et al., 2012). On the other hand, effectors as well as suppressors are
reported to early suppress the PAMP-triggered ROS production, leading to suppress PAMPtriggered immunity (PTI) in plants (Hemetsberger et al., 2012; Lozano-Durán et al., 2013;
Toyoda et al., 2015).
Here we demonstrate that ES acted as a pathogen-derived effector or suppressor function
to suppress early the oxidative burst upon treatment with either a non-adapted pathogen or
several PAMP elicitors. The accumulation of H2O2, as visualized using DAB-staining after 3
hours, induced by inoculation with non-adapted Cg was rapidly suppressed by ES treatment
(Fig. 5.6). Likewise, the induction of superoxide in response to non-adapted Cg was almost
completely blocked by ES. The suppression of oxidative burst was continued with two phase
of superoxide generation within a measuring period of 5 hours (Fig. 5.7). In addition, ESmediated suppression of PAMP-triggered ROS production is shown in Fig. 5.8. Exogenous
application of ES (1-5 mg/mL) on Col-0 leaves for one hour actively blocked the production
of superoxide activated by pathogen-derived elicitor LPS (a) and chitin (b). These findings
suggest that ES acted like a suppressor of early plant defenses by direct inhibition of ROS
generation.

Figure 5.6. ES-1 suppresses the oxidative burst in Arabidopsis leaves challenged with non
-adapted C.g. The accumulation of H2O2 induced by inoculation with non-adapted Cg, as
seen by DAB-staining at 3 hours after inoculation, was dramatically suppressed in the
presence of ES-1 (10 mg/ml)
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Figure 5.7. ES-1 suppresses the oxidative burst in Arabidopsis leaves challenged with non
adapted C.g. ES-1 (10 mg/ml) inhibits the generation of O2- induced by non-adapted Cg at 1
and 5 hours after inoculation

Figure 5.8. ES-1 (10 mg/ml) inhibits the generation of O2- induced by elicitor LPS (100
µg/mL) (a) and Chitopentaose (GN7) (100 µg/mL) (b).
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Since cell wall peroxidase appears to play a key role in the generation of an oxidative
burst (Bindschedler et al., 2006; Bolwell & Daudi, 2009; Daudi et al., 2012), we suspect that
the suppression of an early oxidative burst by ES was a consequence of diminishing the
expression of a cell wall peroxidase encoding gene, AtPRX33. The transcript level of
AtPRX33 was remarkably induced 1 hour after chitin (100 µg/mL) treatment, suggesting that
AtPRX33 was involved in MAMP-mediated responses. Treatment with ES caused to rapidly
inhibit the expression of AtPRX33 (Fig 5.9) and block the superoxide generation in response
to chitin on Arabidopsis plants (Fig. 5.9). These results indicate that a cell wall peroxidase is
one possible target of ES mechanism for controlling initial oxidative burst that is essential
components for the activation of basal defenses associated with PTI in Arabidopsis.

Figure 5.9. ES-2 suppresses chitopentaose-induced oxidative burst in Col-0 plants.
ES suppresses the generation of O2- induced by chitopentaose (GN7) (100 µg/mL) (a) and
expression of PRX33 at 1 hour (b).

3. Endogenous suppressor down-regulates the expression of PAMP responsive genes in
A. thaliana Col-0 plant
Next, we tested whether ES suppresses transcript accumulation of genes controlling the
first layer of plant defense responses, including WRKY22, WRKY29 which encode WRKY
transcription factors, NHO1 (Arabidopsis NONHOST1, and FRK1 (FLG22-INDUCED
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RECEPTOR-LIKE KINASE 1). They are common gene markers for early defense responses
of A. thaliana to pathogen attack via sensitive perception systems called pathogen-associated
molecular patterns (PAMPs). To address the question above, expressions of these defense
related genes was measured in Arabidopsis Col-0 plants upon inoculation with ES/conidial
suspension of non-adapted Cg. The increase in WRKY22, WRKY29, FRK1, and NHO1
transcript levels upon inoculation with Cg, but not by distilled water (DW), were effectively
suppressed by ES treatment (Fig. 5.10), suggesting that ES may actively target the early
process in response to Cg, leading to suppression of PAMP responsive genes.
In Arabidopsis, WRKY22 and WRKY29 are known as important components of a PAMPmediated defense signal transduction pathway. WRKY22/WRKY29 transcription factors act
downstream of flagellin receptor FLS2, a leucine-rich-repeat (LRR) receptor kinase which
involved in the expression of defense related genes in Arabidopsis against both fungal and
bacterial pathogens. The induction of early response genes WRKY29, FRK1, and NHO1 in
response to pathogen-derived elicitor flg22 is involved in MAPKs (mitogen-activated
protein kinases) signaling pathways, which also act downstream of FLS2 to induce plant
defense responses (Asai et al., 2002; Li et al., 2005)
Pathogenic Pseudomonas syringae-derived specific suppressors (AvrPto and AvrPtoB)
block multiple MAMP signaling upstream of MAPKKK which is near the plasma
membrane linked to MAMP receptors of Arabidopsis. The inhibition of early MAMP
signaling leads to reduce the transcription of FRK1, a flg22-actived MAMP marker gene and
enable the growth of nonhost P. syringae, indicating a fundamental role of MAMP signaling
in host immunity (He et al., 2006).
The suppression of PAMP-induced immunity in plants by a Pseudomonas syringea
effector, HopAI1, via inhibition of MAPKs is also reported by Zhang et al., 2007. HopAI1
inhibits flg22-inducible genes including FRK1, WRKY22, WRKY29, At1g13110, At1g30700,
At2g35930, At2g39200, At5g39580, and At5g44910 resulting in suppression of disease
resistance activated by flg22 treatment on Arabidopsis thaliana plants (Zhang et al., 2007).
In addition, the induction of Arabidopsis NHO1 by nonhost Pseudomonas bacteria or
bacteria-derived flg22 is suppressed rapidly by DC3000 effectors, suggesting that NHO1, a
gene required for resistance to multiple strains of nonhost P. syringae, is one of targets of
DC3000 virulence factors (Li et al., 2005).
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Figure 5. 10. ES-2 suppresses defense-related genes induced by non-adapted Cg in Col-0
plants. The plants were inoculated with a spore suspension of Cg (5x105 spores/mL) in the
presence or absence of ES-2 (10 mg/mL). Expression of levels of NHO1 at 5 hpi, WRKY22,
WRKY29 at 10 hpi, and FRK1 at 12 hpi were measured by quantitative RT-PCR.

4. Endogenous Suppressor suppressed AtPep1-triggered basal defense response in
Arabidopsis thaliana Col-0 plant
It has been well known that the endogenous Arabidopsis (Arabidopsis thaliana)
peptide, AtPeps, are involved in enhancing pattern-triggered immunity of plant upon the
detection of various biotic stress. AtPep1, a 23-amino acid endogenous peptide, acts as
endogenous elicitor of the innate immune response. Exogenous applied AtPep1 peptide on
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Arabidopsis thaliana plants was reported to activate transcription of pathogen defense genes,
including PDF1.2, PR-1, the production of H2O2, both play an important role in the innate
immune response of plants (Huffaker, Pearce, & Ryan, 2006; Yamaguchi & Huffaker, 2011).
Flury et al., 2013 showed that reactive oxidant species (ROS) production triggered by
AtPep1 was considerably enhanced when pretreated with elicitor (flg22), suggesting that
enhancement of AtPep1-triggered ROS was based on the perception of microbe-associated
molecular pattern (MAMP), which is referred to as pattern triggered immunity (PTI).
Here, we reported that treatment with ES caused to inhibit rapidly superoxide
production and expression of ROS-related gene, AtPRX34 in response to AtPep1 peptide.
Furthermore, pathogenesis related (PR) marker gene expression, including PR-1 (antifungal),
PR-2 (a β-1,3-glucanase), PR-3 (a chitinase), PR-4 (a chitinase) (Fig. 5.12), which have
often been suggested to be effective in preventing various pathogen invasion and be
responsible for the state of systemic acquired resistance (SAR) (Loon & Strien, 1999; Ryals
et al., 1996), as well as the production of super oxide in response to AtPep1 peptide was
substantially suppressed by ES (Fig. 5.11). These results indicate that ES acts as inhibitor of
Atpep1-triggered ROS production machinery which might subsequently attenuated the basal
defense responses induced and amplified by Atpep1, an endogenous amplifier of MAMPinduced PTI.

42

Figure 5.11.

ES-2 (5 mg/ml) inhibits AtPep1-induced ROS burst in Arabidopsis

thaliana Col-0.
Leaf discs of 30-day-old A. thaliana Col plants were incubated at 23oC for 24 hours
under moist conditions, then subsequently treated with AtPep1(1 µM) mixed
with/without ES-2 (5 mg/mL) and harvested 1 h after treatment for measurement of
superoxide. Distilled water was used as a control. Extracellular production of
superoxide anions (O2-) was measured with a Lumat LB9507 (Berthold Technologies,
Bad Wildbad, Germany) using a chemiluminescence probe L-012 (8-amino-5-chloro2,3-dihydro-7-phenyl-pyrido[3,4-d] pyridazine sodium salt; Wako Pure Chemical
Industries, Osaka, Japan) as described previously (Amano et al. 2013). Data represent
the average ± SD of three replicates. The experiment was repeated with similar results.
The asterisks indicate significant difference from the non-ES treatment using Tukey`s
test (*** P<0.001).
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Figure 5.12.

ES downregulates expression of defense-related genes in response to

endogenous peptide (AtPep1) in Arabidopsis thaliana Col-0 plant.
Leaf discs of 30-day-old A. thaliana Col plants were incubated at 23oC for 24 hours under
moist conditions, then subsequently treated with AtPep1(1 µM) mixed with/without ES-2
(10 mg/mL) and harvested 12 h after treatment for quantitative RT-PCR analysis. Distilled
water was treated as a control. The experiment was repeated with similar results. The
asterisks indicate significant difference from the non-ES treatment using Tukey`s test (***
P<0.001; ** P < 0.01; * P < 0.1). (C, healthy control; W, distilled water; ES-2, endogenous
suppressor elute 2).
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5. Endogenous suppressor downregulates the expression of non-host resistance (NHR)
responsive genes, PEN2 and PEN3, in Arabidopsis thaliana Col-0 plant
It has been suggested that key players required for Arabidopsis non-host resistance
against non-adapted fungal pathogens are PEN2, a gene encodes a peroxisomse-localized
myrosinase involved in hydrolyzing indole glucosinolates and a plasma membrane-localized
ATP binding cassette (ABC) transporter PEN3. PEN2 is hypothesized to produce an active
compound which exported to the apoplast by PEN3 to poison invasion hyphae at penetration
sites (Lipka et al., 2005; Stein et al., 2006; Bednarek et al., 2009).
To test the hypothesis that penetration genes PEN2 and PEN3 are targeted by ES
mechanisms, PEN2 and PEN3 transcript levels were examined by quantitative RT-PCR
analysis. Inoculation with non-adapted Cg on Col-0 wild-type plants induced expression of
PEN2 and PEN3 after 10 hours indicating that PEN2 and PEN3 were inducible non-host
resistance genes in Arabidopsis plants against Cg. However, the Cg-induced expressions of
PEN2 and PEN3 were nearly abolished by ES, suggesting ES actively suppresses the
expression of these during interaction between non-adapted Cg and non-host Arabidopsis
plants (Fig. 5.13). The suppression of these penetration genes by ES, therefore, likely caused
non-host resistance responses of A. thaliana plants to fail to resist non-adapted Cg attack.
In the presence of Glc, expression of PEN2 and PEN3 are induced by inoculation with
Cg as early as 9 hours post-inoculation (hpi) on Col-0 wild-type plants. Furthermore, Glcsupplemented conidial suspension of Cg enhances lesion formation on the pen2 and pen3
mutants at four days post inoculation, indicating that the penetration-resistance genes PEN2
and PEN3 act as central components of inducible preinvasion defense of A. thaliana against
Cg (Hiruma et al., 2010).
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Figure 5.13. ES-2 suppresses expression of PEN2, PEN3 induced by non-adapted Cg in A.
thaliana Col-0. The 30-day-old A. thaliana Col plants were inoculated with a spore
suspension of Cg (5x105 spores/mL) in the presence or absence of ES-2 (10 mg/mL).
Samples were harvested at 10 hpi and subjected to quantitative RT-PCR analysis.

6.

ES disturbs ecto-apyrase activity in isolated cell wall of A. thaliana Col-0 plants
Extracellular ecto-nucleotide triphosphate diphosphohydrolase (ecto-NTPDase/apyrase)

are enzymes which hydrolyze 5’- nucleosides including ATP (Kiba et al., 1995). Two ectoapyrase, AtAPY1 and AtAPY2 in Arabidopsis play a major role in controlling extracellular
ATP concentration, thereby contributing to growth regulation (Wu et al., 2007). Toyoda et
al., 2015 has discovered that ecto-ATPase, isolated cell walls proteins of pea plant (PsAPY1),
plays a key role both in recognition and subsequent initiation of cell wall-associated defense,
which occurs before the onset of PTI (PAMP-triggered immunity). Host’s ecto-ATPase is
able to recognize incoming pathogen-derived elicitors and suppressors via direct binding and
specific responses to them. That leads to regulate near-existing peroxidase and copper amine
oxidase which are responsible for superoxide and hydro peroxide production in the
apoplast/cell wall, respectively. PsAPY1-silenced plants show drastic reduction in elicitorsinduced superoxide generation and expression of defense-related genes, accompanied by
enhanced susceptibility of the pea plants to non-adapted fugal pathogens (Toyoda et al.,
2015). Thus, we suspect that ES might act as a suppressor function which likely targets cell
walls ATPase in Arabidopsis thaliana Col-0 plant. The results of in vitro experiments
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showed that ES concentration of 0.5 mg/mL actively inhibits ATPase activity in isolated cell
wall from Arabidopsis (Fig. 5.14), following by suppression of oxidative burst as well as
expression of early PAMP-responsive genes activated by either non-adapted Cg or general
elicitors treatment (Fig. 5.10).

Figure 5.14. ES-2 inhibited the activity of cell wall ATPase (1 µg/mL) obtained from
healthy Col-0 plants. The ATPase activity was

determined by measuring released

inorganic phosphate (Pi) from ATP based on an equation y = 9.9212x + 0.1045; x is
absorbance of the reagent at 820 nm. The assay was carried out at 25 oC for 20 min with 3
mM ATP and 3 mM MgSO4 in a 30 mM Tris/MES buffer (pH 6.5). The experiment was
repeated at least twice. The asterisks indicate significant difference using Tukey`s test (** P
< 0.01; * P < 0.1). (ES-2, endogenous suppressor filtrate ES-3).
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6
CHAPTER 6
DISCUSSION

Shiraishi et al. (1989) discovered that infection enhancing factor (IEF) present in
healthy barley leaves, specifically induces susceptibility of barley plants even to avirulent
race of Erysiphe (Blumeria) graminis f. sp. hordei. The same type of IEFs are also found in
healthy pea leaves (Nasu et al., 1992), Komatsuna (Brassica rapa var. perviridis) (Figure
6.2), and Arabidopsis thaliana Col-0 plants (present data), suggesting that IEF is the
common constituents produced by plants themselves to play a role in conditioning plant
susceptibility.
To date, the IEFs, also referred to as endogenous suppressors, are defined as plantderived molecules that suppress or delay elicitor-induced defenses (Nasu et al., 1992).
Exogenous application of ES on those host plants enables non-host fungal pathogens to
overcome the plant’s basal defense machinery, which is comprised by several successive
layers of plant immunity including constitutive barriers and inducible reactions, eventually
causing severe lesions. Purified ES from pea leaves can suppress elicitor-induced
accumulation of phenylalanine anmmonia-lyase (PAL)-mRNA in pea tissues, resulting in a
delay of accumulation of the phytoalexin pisatin (Nasu et al., 1992). Consequently, the ES
allows a non-adapted fungal pathogen to cause disease symptoms when applied to the pea
leaves (Nasu et al., 1992). Interestingly, the action of the pea ES is quite similar to that of
the Mycosphaerella supprescins produced by a fungal pathogen, Mycosphaerella pinodes
(syn. Peyronellaea pinodes) (Yamada et al., 1989; Yoshioka et al., 1990; Shiraishi et al.,
1992) because the ES can severely inhibit host’s ATPase, temporarily reducing the
capability of the host cell to defend itself (Nasu et al., 1992). Thus, ES is suspected to have
important roles in establishment of basic compatibility between pathogens and hosts
Figure 5.1 shows typical representations for induction of susceptibility on Arabidopsis
leaves challenged with conidia of non-adapted C. gloeosporioides and M. pinodes,
respectively. On control leaves, most conidia of C. gloeosporioides germinated to form a
germ tube, which differentiated to form a melanized appressorium, failed to penetrate
epidermal cells probably due to the non-host resistance (Fig. 5.3). In contrast, when leaves
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were inoculated in the presence of ES, the fungus directly penetrated epidermal cells without
forming appressoria, causing necrotic spots on Arabidopsis leaves (Fig. 5.3). This phenotype
well resembled the phenotype observed by Hiruma et al. (2010), who reported that a nonadapted Colletotrichum pathogen can directly penetrate Arabidopisis leaves that lack
penetration resistance genes such as PEN2 and PEN3. They called this type of penetration
hyphal tip-based entry (HTE) (Hiruma et al., 2010). Similarly, the Arabidopsis leaves
exposed to ES were susceptible to infection by a non-adapted M. pinodes (Fig. 5.3 & 5.4).
These results indicate that ES enables Arabidopsis plants to induce susceptibility to nonadapted fungal pathogens.
Plants have evolved sophisticated surveillance systems initiated by recognition of
pathogen-associated molecular patterns (PAMPs), such as fungal chitin or chitosan or
bacterial flagellin, peptidoglycan (PGN) or lipopolysaccaride (LPS) (Jones and Dangl, 2006;
Zipfel, 2009). Upon perception of an individual PAMP on an appropriate pattern recognition
receptor (PRR), the plant quickly initiates a battery of defense responses, including ion
flux/efflux, the oxidative burst, the hypersensitive response (HR), cell wall modification,
and altered transcription of defense-related genes (Jones and Dangl, 2006; Zipfel, 2009). In
order to explore the role of ES in conditioning susceptibility, effect of ES on the oxidative
burst was examined using C. gloeosporioides-inoculated Arabidopsis leaves. The
accumulation of H2O2, visualized by 3,3'-1 mg/ml diaminobenzidine (DAB) (Sigma-Aldrich,
St. Louis, MO, USA) at 3 hours after inoculation with non-adapted C. gloeosporioides was
markedly suppressed by ES treatment (Fig. 5.6 & 5.7). Likewise, the early generation of
superoxide anion (O2-) detected by chemifluorescent probe L-012 (Wako Pure Chemical
Industries, Osaka, Japan) within 1 h after inoculation of C. gloeosporioides was completely
attenuated in the presence of ES. Time-course study for the O2- generation revealed that the
ES also affected the late oxidative burst induced by 5 h after inoculation, suggesting that the
ES has a capability to suppress the oxidative burst. In fact, exogenous application of ES (1-5
mg/mL) on Col-0 leaves blocked the O2-generation of in Arabidopsis leaves treated with
chitin or LPS (Fig. 5.8). In addition, the chitin-induced expression of AtPRX33 was
remarkably suppressed by ES, suggesting that the suppression of the early oxidative burst by
ES may be associated with diminishing the expression of AtPRX33, a cell wall peroxidase
(Daudi et al., 2012).
Next, we tested whether ES suppresses the PAMP-responsive genes controlling the first
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layer of plant defenses, including WRKY22 and WRKY29, which encode WRKY
transcription factors, FRK1 (Flg22-induced receptor-like kinase 1) and NHO1 (nonhost
resistance). They are common marker genes for early PTI response of A. thaliana (Asai et al.,
2002; Kang et al., 2003). As shown in Figure 5.10, the expression of WRKY22, WRKY29,
FRK1 and NHO1 upon inoculation with C. gloeosporioides were effectively suppressed by
ES treatment (Fig. 5.10). In line with ES-mediated suppression of defense related-genes,
PEN2 and PEN3, which are required for Arabidopsis non-host resistance against nonadapted fungal pathogens, were also attenuated, suggesting that ES may target early PAMPresponsive genes, resulting in enhanced susceptibility of Arabidopsis to non-adapted
pathogens.
Previously, we showed that purified ES from pea leaves inhibits host’s ATPase (Nasu et
al., 1992). Similarly, an inhibitor of ATPase, vanadate also suppresses elicitor-induced
defense responses in pea tissues, such as activation of chitinase and β-1,3-glucanase and
accumulation of phytoalexin pisatin (Yoshioka et al., 1990; 1992b ). In the present study, we
showed that ES inhibits ATPase in isolated cell wall from Arabidopsis (Fig. 5.14). Amano et
al. (2013) reported for pea that vanadate inhibits the early defense responses including ion
efflux and generation of O2-. Taken together, it is possible that the ES may target the first
layer of cell surface immunity in Arabidopsis through targeting of host’s ATPase,
substantially reducing the oxidative burst and subsequent expression of PAMP-responsive
genes. In fact, when M. pinodes as a non-adapted pathogen was inoculated on Arabidopsis
npr1 (non-expressor of PR1) and jar1 (jasmonate resistant 1) mutants, the fungus failed to
infect these mutants in the absence of ES, but in the presence of ES, the mutants were more
susceptible compared to wild-type Col-0 (Fig. 5.2), suggesting that the ES possibly targets
the first layer of plant immune systems
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Figure 6.1. A model suggestion for the function of endogenous suppressor on A. thaliana
Col-0 plant
At present, the ES activity of Arabidopsis was insensitive to Proteinase K, heat
treatment, partitioned into the water phase after ethyl acetate extraction and residing
predominantly in the molecular weight fraction less than 3K. Separation by HPLC reverse
phase chromatography followed by bioassay identified one active fraction showed peak at
6.32 min (Fig. 4.6). Based on the Ninhydrin tests, it originates from amino-group-containing
small molecules (Figure 4.5 & 4.6), possibly a peptide. Taking account into the data from
the positive-ion spectrum of ES obtained by electrospray ionization – mass spectrometry
(ESI-MS) showed the signals at m/z 453 and m/z 173 (Figure 6.3 )and suggestion for
possible sequence of the peptide (ES) from the databases available in MFSearcher, we
assumed that peptide domain sequence of ES is Pro-Gly-His-Ser-Pro-Gly, an active domain
of C-terminally encoded peptide (CEP) peptides in Arabidopsis thaliana.
CEP peptides are post-translationally modified signaling peptides consisting of 14 or 15
amino acids and mature CEP peptides, which are containing one or more hyroxylated
proline residue, have been shown to be involved in regulating root development and plant
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growth (Roberts et al., 2013). Interestingly, the action of synthesized mature active domain
of CEP peptide consisting of 6 amino acids (H-Pro-Gly-His-Ser-Pro-Gly-OH) based on its
gene is quite similar to that of the purified endogenous suppressor (ES) extracted from
Arabidopsis plants. Because synthetic CEP peptide allowed non-adapted pathogens
Colletotrichum gloeosporioides and Mycosphaerella pinodes to successfully infect
Arabidopsis plants through hyphal tip-based entry (HTE), resulting in severe lesions
formation on Col-plants (Aprilia et al. 2019; Master Thesis). Furthermore, synthetic CEP
peptide interfered with oxidative burst induced by treatment with general elicitors, such as
flagellin (flg22), chitin, LPS. CEP peptide also actively suppresses MAP kinase activity,
callose deposition (Aprilia et al. 2019; Master Thesis) and flg22-induced defense related
genes in Arabidopsis thaliana Col-0 (Aprilia et al. 2019; Master Thesis). These results
suggest that CEP peptide is possibly one of candidates for endogenous suppressor of
Arabidopsis plant.
How endogenous suppressors function in plant susceptibility in concert with the
pathogen-secreted effectors, remain to be determined. One possible idea is that ES may play
a role in regulation of balance between plant immune responses and plant growth.
Alternatively, it is plausible that a host-adapted pathogen uses the ES to promote disease
susceptibility. Further experiments are required to unravel the chemical structure of ES and
the exact role of ES in the basic compatibility between pathogen and its host.
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Figure 6.2. Gel infiltration chromatography of ES of Komatsuna (Brassica rapa var.
perviridis)
Separation of endogenous suppressor by size exclusion chromatography (SEC) followed by
bioassays.
(a). Lesions on Arabidopsis Col-0 leaf at 3 dpi with non-adapted C. gloeosporioides in
presence of active fraction from size exclusion chromatography column. Spore inoculum
concentration were adjusted to 5x105 spores/ mL.
(b). Size exclusion chromatography (SEC) chromatogram of the ES from Komatsuna
(Brassica rapa var. perviridis).
Wavelength UV detection at 280nm and 254nm.
Flow rate: 1 mL/min
Solvent: Autoclaved distilled water
Column: Toyopearl HW-50 size exclusion chromatography (SEC) resins (Exclusion limit:
80,000 Da)
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Figure 6.3. Analysis chemical structure of ES-3 using liquid chromatography-mass
spectrometry (LC-MS) and LC-MS/MS.
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Abstract
Arabidopsis plants were used to confirm the presence of endogenous suppressor(s) (ES).
The active fraction partitioned into water phase after ethyl acetate extraction and was found
to be responsible for a molecule(s) smaller than 3,000 Dalton through arough estimation
with a size filter membrane. Foliar application of the ES enabled non-adapted fungal
pathogens to cause disease symptoms on Arabidopsis. Consistently, the ES fraction severely
suppressed the oxidative burst as well as the expression of defense-related genes, such as
FRK1, NHO1, WRKY22, WRKY29, PEN2, and PEN3 in plants challenged with non-adapted
fungus Colletotrichum gloeosporioides or the fungal elicitor chitin.

Key words: Arabidopsis, Endogenous suppressor (ES), Defense response, Induced
susceptibility, Mycosphaerella supprescins.
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In 1989, Shiraishi et al. (1989) first discovered the 51 infection-enhancing factor (IEF)
present in healthy barley leaves, which specifically induces susceptibility of barley plants
even to an avirulent race of Erysiphe (Blumeria) graminis f. sp. hordei. The same type of
IEF is also found in healthy pea leaves (Nasu et al. 1992, 1995), suggesting that IEF is a
common constituent(s) produced by plants themselves to play a role in conditioning plant
susceptibility. To date, the IEF, also referred to as an endogenous suppressor (ES), has been
defined as a plant-derived molecule(s) that suppress(es) or delay(s) elicitor-induced defenses
(Nasu et al. 1992). Actually, purified ES from pea leaves can suppress elicitor-induced
accumulation of phenylalanine ammonia-lyase (PAL)-mRNA in pea tissues, causing a delay
of accumulation of the phytoalexin pisatin (Nasu et al. 1992). Consistently, the ES allows a
non-adapted fungal pathogen to cause disease symptom when applied to the pea leaves
(Nasu et al. 1992). Interestingly, the action of the pea ES is quite similar to that of the
Mycosphaerella supprescins produced by a fungal pathogen, Mycosphaerella pinodes (syn.
Peyronellaeapinodes) (Shiraishi et al. 1992, 1997; Toyoda et al. 2016; Yamada et al. 1989;
Yoshioka et al. 1990) because the ES can severely inhibit host’s ATPase, temporarily
reducing the ability of the host cell to defend itself (Nasu et al. 1992, 1995). Why do plants
have such constituent(s)? One possible role of the ES is assumed to be involved in the tradeoffs between growth and defense in plants by preventing excessive defense responses during
infection. Alternatively, it is also possible that some pathogens use it to establish or promote
their own infection. However, ES is considered to be present at low concentrations or
localized as plants usually do not allow infection by non-adapted pathogens. The purpose of
this study is thus to confirm the presence of the ES from Arabidopsis thaliana ecotype Col-0
as a model plant for studying host-pathogen interactions. We also investigated and gained
insight into the molecular mechanisms on the ES-76 mediated disease susceptibility using
purified ES preparations.
Seeds of Arabidopsis thaliana Col-0 were sown on water-swelled Jiffy-7 peat pellets
(AS Jiffy Products, Oslo, Norway) and grown for 2 weeks in the growth chamber at 22C,
with a 10 h light/14 h dark cycle at 11.8 Wm-2, and the seedlings were transferred to small
plastic pots containing Supermix-A soil (Sakata Seed, Yokohama, Japan) mixed with
vermiculite in ratio 1:1. Seedlings were grown under the same condition for additional 3-4
weeks before use. Expanded leaves from 5 to 6-week-old plants were harvested to extract
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the ES following the protocol described previously, with slight modification (Nasu et al.
1992). All experimental procedures are described in the supplementary Fig. S1. In this study,
three different ES preparations derived from Arabidopsis leaves (ES-1 to 3) were used to
evaluate their ES activity. For examination of the ES-mediated disease susceptibility, each
conidial suspension of two non-adapted fungal pathogens of Arabidopsis, Colletotrichum
gloeosporioides strain S9275, a causal agent of a mulberry anthracnose, or Mycosphaerella
pinodes, a causal agent of Mycosphaerella blight on pea, was mixed with the ES preparation,
then 5 l of the mixture was dropped on the adaxial surface of detached Arabidopsis leaves.
The inoculated leaves were kept in a dew chamber at 22C, with 10 h illumination per day at
11.8 Wm-2. Symptoms of disease were assessed 4 days after inoculation.
For quantitative RT-PCR analysis, total RNA (0.5 μg of each sample) was reversetranscribed to synthesize cDNA with AMV reverse transcriptase (Takara Bio, Otsu, Japan)
in a reaction mixture (10 l) containing 10 U of RNase inhibitor (Promega, Madison, WI,
USA), 1 mM dNTPs and 0.4 μg of oligo(dT)12-18, as described previously (Toyoda et al.
2013). A 1 μl of sample of tenfold-diluted cDNA was analyzed for qPCR with a Shimadzu
GVP-101 9600 (Shimadzu, Kyoto, Japan) using the following program: 5-min incubation at
95°C followed by 50 cycles of 3s at 95°C, 30 s at 60°C, 1 ending cycle at 72°C for 2
minutes in the reaction mixture (10 μl) containing 5 μl of KAPA SYBR FAST Universal
qPCR Master Mix (KAPA Biosystems, Boston, MA, USA) and 100 nM of each genespecific primer set, listed in the supplementary Table S1. The resulting qRT-PCR data, cycle
threshold (Ct) values were used to calculate the relative mRNA abundance according to the
comparative 2-ΔΔCT method (Livak and Schmittgen 2001) with the EF1-as the constitutively
expressed gene.
Figure 1 shows typical representations for induction of susceptibility on Arabidopsis
leaves challenged with conidia of non-adapted fungi C. gloeosporioidesor and M. pinodes.
On the control leaves, most conidia of C. gloeosporioides germinated to form a germ tube,
which differentiated to form a melanized appressorium, and failed to penetrate epidermal
cells probably due to the non-host resistance (Fig. 1a). Interestingly, the fungus C.
gloeosporioides successfully penetrated epidermal cells without forming appressoria,
causing necrotic spots when leaves were inoculated in the presence of ES (Fig. 1a). This
observation well resembled that reported by Hiruma et al. (2010), who showed that a non-
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adapted Colletotrichum pathogen can directly penetrate Arabidopsis leaves that lack
penetration resistance genes such as PEN2 and PEN3. They called this type of penetration
hyphal tip-based entry (HTE) (Hiruma et al. 2010). Similarly, the Arabidopsis leaves
exposed to ES were also susceptible to infection by a non-adapted M. pinodes (Fig. 1b).
These results indicate that ES definitely conditions Arabidopsis plants to be susceptible to
non-adapted fungal pathogens.
Plants have evolved sophisticated surveillance systems initiated by recognition of
pathogen-associated molecular patterns ( 126 PAMPs), such as fungal chitin or chitosan and
bacterial flagellin, peptidoglycan (PGN) or lipopolysaccharide (LPS) (Jones and Dangl
2006; Zipfel 2009). Upon perception of an individual PAMP on/by an appropriate pattern
recognition receptor (PRR), the plant quickly initiates a battery of defense responses called
pattern-trigger immunity (PTI), including ion flux/efflux, oxidative burst, hypersensitive
response (HR), cell wall modification, and altered transcription of defense-related genes
(Jones and Dangl 2006; Zipfel 2009). Activation of plant immune receptors triggers local
and systemic defense responses are known to be regulated by a complex network of
phytohormones signaling pathways such as salicylic acid (SA), jasmonate (JA), and ethylene
(ET) (Pieterse et al. 2012). To further gain insight into the molecular mechanisms
underlying the ES-mediated disease susceptibility, Arabidopsis mutants impaired in SA or
JA-mediated signaling were tested for induction of susceptibility. As shown in Fig. 1c, when
M. pinodes, a non-adapted pathogen, was inoculated on Arabidopsis npr1-2 (non-expressor
of PR1) or jar1-1 (jasmonate resistant 1) mutants, the fungus failed to infect these mutants
in the absence of ES. In the presence of ES, however, the mutants were more susceptible
compared to the wild-type Col-0. This result suggests that the ES possibly attenuates the PTI,
the first layer of plant immune system, to allow severe infection. In addition, the effect of ES
on the oxidative burst was examined using the C. gloeosporioides inoculated Arabidopsis
leaves. Our time-course study for the reactive oxygen species (ROS) generation revealed
that the ES prevented the early and the late oxidative bursts induced within 1 or 5 h after
inoculation, respectively, suggesting that the ES is capable of suppressing the oxidative
burst (Fig. 2a). Likewise, the accumulation of H2O2, visualized by 3,3'diaminobenzidine
(DAB) staining at 3 hours after inoculation with non-adapted fungus C. gloeosporioides,
was evidently suppressed by ES treatment (Fig. 2b).
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Next, in order to test whether the ES suppresses the PAMP-responsive genes in
Arabidopsis, we analyzed WRKY22 and WRKY29, which encode WRKY transcription
factors, FRK1 (Flg22-induced receptor-like kinase1) and NHO1 (nonhost resistance1). They
are common marker genes for early PTI response in Arabidopsis (Asai et al. 2002; Kang et
al. 2003). As shown in Fig. 3, ES treatment effectively suppressed the expression of
WRKY22, WRKY29, FRK1 and NHO1 induced by inoculation with the non-adapted fungus
Cg, but not by distilled water (DW). In line with ES-mediated suppression of defense
related-genes, PEN2 and PEN3, which are required for Arabidopsis non-host resistance to
non-adapted fungal pathogens, were also attenuated (Fig. 3). These results suggest that ES
may actively target the early process in response to Cg, leading to suppression of PAMPresponsive genes. Previously, we demonstrated that purified ES from pea leaves inhibits
host’s ATPase (Nasu et al. 1992). Similarly, an inhibitor of ATPase, vanadate, also
suppresses elicitor-induced defense responses in pea tissues, such as activation of chitinase
and -1,3-glucanase and accumulation of phytoalexin pisatin (Yoshioka et al. 1990, 1992).
In our separate study, Amano et al. (2013) also reported for pea and cowpea that vanadate
inhibits the early defense responses such as ion efflux and generation of ROS. Taken
together, it is more likely that the ES also target host’s ATPase, substantially reducing cell
surface immunity including the oxidative burst and subsequent expression of PAMPresponsive genes. Actually, the Arabidopsis ES severely suppressed the oxidative burst in
Arabidopsis leaves exposed to a fungal elicitor, chitin (Fig. 4a). Expectedly, our in vitro
study revealed that the ES was capable of suppressing ATPase in extracts from Arabidopsis
cell wall (Fig. 4b), similar to the Mycosphaerella supprescins produced by M. pinodes (Kiba
et al. 1995, 1997, 2006; Shiraishi et al. 1992; Toyoda et al. 2016; 176 Yoshioka et al. 1990)
and the ES found in pea (Nase et al.1992, 1995). On the basis of these results, suppression of
ATPase is closely associated with attenuated oxidative burst and diminished expression of
defense-related genes, as already reported in pea and the ES (Nasu et al. 1992). The ES
partitioned into the water phase after ethyl acetate extraction during purification steps and
was found to be responsible for molecule(s) smaller than 3,000 Dalton through a rough
estimation with a size filter membrane (Fig. S1; S2). The ES activity was resistant to heat
and proteinase K (Fig. S2c, d). Further purification attempt by reverse-phase HPLC
chromatography successfully isolated one of the possible candidates for ES, which was
regarded as a highly purified ES (ES-3) (Fig. 5a,b). Since the obtained fraction, named F4,
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showed positive reaction in Ninhydrin test, the candidate molecule(s) responsible for ES
activity is presumed to be a small peptidic substance (Fig. 2Se). Indeed, synthesized peptide
containing the amino acids identified by the MS/MS analysis was shown to induce
susceptibility in Arabidopsis (Aprilia et al. 2018; our unpublished data). As mentioned
above, the mode of action of the ES closely resembles those of the peptidic suppressors
secreted by the pea pathogen M.pinodes and the ES in the host plant pea, in that they target
the host plant's ATPase to suppresses defense response (Fig. 4b; Kiba et al. 1995, 1997,
2006; Nasu et al. 1992; Shiraishi et al. 1992; Toyoda et al. 2016; Yoshioka et al. 1990).
Given that plants also have constituents(s) that suppress(es) or delays defense responses, it is
also considered as one of the key molecules involved in convergent evolution between
pathogens and host plants.
Further studies will be necessary to analyze in detail the localization and mobility of
ES during pathogen infection.
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Figure legends

Fig. 1 ES induces susceptibility of Arabidopsis thaliana to non-adapted pathogens.
Arabidopsis Col-0 leaves were inoculated with conidial suspension (5×105 spores/ml) of
either Colletotrichum gloeosporioides S9275 (a) or Mycosphaerella pinodes OMP-1 (b) in
the presence of distilled water (DW) as a control or ES (crude ES fraction, ES-1; 10 mg/ml).
C. gloeosporioides(Cg) and M. pinodes (Mp) caused symptoms only in the presence of ES
(arrow). Lesions on leaves were observed at 4 days post inoculation (dpi). Scale bar = 1 cm.
Microscopic observation revealed that non-adapted C. gloeosporioides and M. pinodes
successfully developed intracellular hyphae at 3 dpi in the presence of ES-1. Notably, C.
gloeosporioides extended intracellular hyphae without forming melanized appressoria on
Arabidosis Col-0 leaves treated with the ES-1. Scale bar = 10m. Quantitative analysis of
lesion development was also performed at 4 dpi using an Assess 2.0 Image Analysis
Software for Plant Disease Quantification (APS Press, Saint Paul, MN, USA). Asterisks
indicate significant difference from the control using Tukey’s test (***, p < 0.001). s, spore;
gt, germ tube; ap, appressoria; ih, intracellular hyphae. c ES-1 caused more severe
symptoms on npr1-2 and jar1-1 mutants. Detached leaves of npr1-2 and jar1-1 plants were
inoculated similar as described above. Both mutants were the A. thaliana Col-0 background.
Lesion caused by M. pinodes on the wild-type, jar1-1 and npr1-2 mutants in the presence of
ES-1 (10 mg/ml) (white arrow). Photos were taken at 4 dpi. Scale bar = 1 cm.

Fig. 2 ES inhibits the oxidative burst in Arabidopsis leaves challenged with non adapted
Colletotrichum gloeosporioides. a Suppression of the oxidative burst in Arabidopsis leaves
challenged with non-adapted C. gloeosporioides. The conidial suspension (5×105 spores/ml)
was drop-inoculated onto the surface of Arabidopsis Col-0 leaves in the absence or the
presence of ES-1 (10 mg/ml) and collected at 0.5, 1, 3 and 5 h after inoculation. Distilled
water was used as a control. Extracellular production of superoxide anions (O2-) was
measured with a Lumat LB9507 (Berthold Technologies, Bad Wildbad, Germany) using a
chemiluminescence probe L-012 (8-amino-5-chloro-2,3-dihydro-7-phenyl-pyrido[3,4-d]
pyridazine sodium salt; Wako Pure Chemical Industries, Osaka, Japan) as described
previously (Amano et al. 2013). Data represent the average ± SD of three replicates. The
experiments were repeated with similar results. Asterisks indicate significant differences
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from the water control using Tukey’s test (**, p < 0.01; ***, p < 0.001). b The accumulation
of H2O2 induced by inoculation with non-adapted C. gloeosporioides, as revealed by 3,3'diaminobenzidine (DAB)-staining at 3 hours after inoculation, was apparently suppressed in
the presence of ES-1 (10 mg/ml). Inoculated leaves were subjected to the DAB-staining at 3
h after inoculation as described previously (Suzuki et al. 2017; Zhao et al. 2019). s, spore; gt,
germ tube. Scale bar = 10 m.
Fig. 3 ES suppresses expression of defense-related genes induced by non-adapted
Colletotrichum gloeosporioides in Arabidopsis Col-0. Four-week-old plants were inoculated
with C. gloeosporioides (5×105 spores/ml) in the presence or absence of ES (partially
purified ES fraction, ES-2; 10 mg/mL). The non treated and uninoculated plants were used
as a control. Expression levels of NHO1 at 5 hpi, WRKY22, WRKY29, 376 PEN2 and PEN3
at 10 hpi, and FRK1 at 12 hpi were measured by quantitative RT-PCR. The expression value
of genes was normalized using EF1-α as an internal standard and expressed relative to
average levels in the control (set at 1). Data present the average ± SD from the triplicate
reaction in each experiment. The experiments were repeated at least twice with similar
results and a representative result was presented. Asterisks indicate significant differences
from the control using Tukey’s test (***, p <0.001; **, p < 0.01; *, p < 0.1).
Fig. 4 ES inhibits the chitopentaose-induced ROS generation in the leaves and the cell wallassociated ATPase in extracts from Arabidopsis cell wall. a Leaf discs (0.5 cm in diameter)
were prepared from expanded leaves of 4- to 5-week-old plants, then incubated on wetted
filter paper for 24 h before exposure to chitopentaose (GN7) (GLU437; Elicitil, Crolles,
France). Five leaf discs were floated on 100 l of following solutions: distilled water, GN7.
After 1 h, 20 l of the solution was transferred to a test tube containing 5 l of 1 mM L-012.
Chemiluminescence was measured by a Lumat LB9507 (Berthold Technologies) for 1 min.
Data present the average ± SD from the triplicate sample in each experiment. The
experiments were repeated at least twice with similar results and a representative result was
presented. b NaCl solubilized cell wall proteins were obtained according to the method
described previously (Kiba et al. 1997; Toyoda et al. 2012). The cell wall proteins (0.02g)
were incubated at 25oC for 20 min with 30 mM Tris/MES buffer (pH 6.5) containing 3 mM
ATP and 3 mM MgSO4 in the absence or presence of the ES-2. The ATPase activity was
determined by measurement of released inorganic phosphate (401 Pi) from ATP. Data
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represent the average ± SD of three replicates. Asterisks indicate significant differences
using Tukey’s test (**, p < 0.01; *, p < 0.1).The experiment was repeated with similar
results and a representative result was presented.
Fig. 5 Separation of highly purified ES fraction (ES-2) by reverse-phase HPLC
chromatography. a Samples (ES-2) were fractionated through the reverse phase HPLC
column (YMC-Pack ODS AQ) at a flow rate of 0.5 ml/min and were continuously
monitored at 210 nm. An active fraction was found at 6.32 min after eluting with 2.5% (v/v)
methanol. After collecting the corresponding fraction repeatedly, the resultant fraction
(highly purified ES fraction, ES-3) was lyophilized and then subjected to the bioassays. b
Lesions on Arabidopsis Col-0 leaves with non-adapted Colletotrichum gloeosporioides (Cg)
and Mycosphaerella pinodes (Mp) in the presence or absence of the active fraction (ES-3; 3
mg/ml) were observed at 3 dpi. Similar to the ES-1, the ES-3 induced susceptibility to C.
gloeosporioides and M. pinodes. Penetration efficiency of C. gloeosporioides and M.
pinodes on Arabidopsis leaves in the presence or absence of ES-3 were determined at 3 dpi.
Penetration efficiency (%) was calculated as a percentage of the number of conidia forming
intracellular hyphae to the total number of germinated conidia. Data present the average ±
SD from the triplicate sample in each experiment. Asterisks indicate significant differences
from the control using
Tukey`s test (**, p < 0.01).
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Legends for supplementary figures
Fig. S1 Purification procedure of endogenous suppressor (ES) from Arabidopsis thaliana
Col-0 plants. Expanded leaves from 5 to 6-week-old healthy plants were harvested to extract
the ES following the protocol described previously with slight modification (Nasu et al.
1992). Briefly, one hundred gram of fresh leaves were ground in liquid nitrogen for 5 min,
then extracted with 200 ml of distilled water. The homogenate was filtered through
Miracloth (Calbiochem, Merck, Darmstadt, Germany) and centrifugated at 14,000 ×g for 15
min at 4oC. The supernatant was collected and subjected to solvent extraction with ethyl
acetate. The water phase was collected and subjected to lyophilization (freeze-drying), and
subsequently transferred to a size exclusion chromatography (SEC) using Tosoh Toyopearl
HW-50S (Tosoh Corporation, Tokyo, Japan). The active fraction (ES-1) after SEC was
proved through bioassays. Next, a cartridge-based ion-exchange in solid-phase extraction
(SPE) (Oasis MCX 6cc/500 mg LP extraction cartridges; Waters, Milford, MA, USA) was
used to fractionate the ES-1 according to manufactures’ protocol. The elute 2 was harvested
and examined for induction of susceptibility. The active fraction (ES-2) from the elute 2 was
then subjected to Amicon Ultra 3K centrifugal filter device with a 3,000 Da cutoff
(Millipore, Billerica, MA, USA).Then the elute 2 was centrifuged at maximum 5000 ×g for
45 minutes using a fixed angle rotor. The flow-through solution was subjected to the size
exclusion with high-performance liquid chromatography (HPLC) column (TSKgel
G3000SWXL; Tosoh) to obtain active fractions. The bioassays were carried out to confirm
the active fractions. 450 If necessary, reverse-phase HPLC chromatography with YMC
HPLC column (YMC-Pack ODS-451 AQ; YMC, Kyoto, Japan) was conducted to get more
purified fractions from the ES-2. After confirming the active fractions by bioassays, the
confirmed active fraction, referred to as F4, was lyophilized and used as a highly purified ES
(ES-3). Fig. S2 Characterization and biochemical properties of ES. a A rough estimation of
molecular mass for ES with a size filter membrane. ES-2 was filtered through a size filter
membrane (Amicon Ultra-0.5 ml centrifugal filter devices; 100K, 459 50K, 30K, 10K, 3K
and 2K) and each filtrate was subjected to the bioassay with Colletotrichum gloeosporioides.
ES-2 (10 mg/mL) and distilled water (DW) were used as a positive and negative control,
respectively. Conidial concentration was adjusted to 5 × 105 spores/ml. Photo was taken at 4
dpi. Scale bar = 1 cm. b Dilution-end point assay. After separation with the Amicon devices
(less than 3K), the filtrate was tested for induction of susceptibility. The induced
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susceptibility by non-adapted C. gloeosporioides was observed even at low concentration of
0.1 mg/ml. Photo was taken at 3 dpi. c Heat stability of ES. Ten microliters of ES-2 (10
mg/mL) was heated at 65oC or 80oC for 20 minutes before the bioassay. Conidial suspension
of C. gloeosporioides was used for bioassays. Photo was taken at 3 dpi. d Proteinase K
digestion assay. ES-2 (10 mg/mL) was mixed with Proteinase K (Takara Bio, Otsu, Japan)
ranging from 0-2 mg/ml (final conc.). The mixture was incubated overnight at 37oC and then
subjected to a centrifugal filter device (Amicon Ultra devices 3K) to eliminate proteinase.
The filtrate was used for bioassay with C. gloeosporioides. The ES was tolerant to
proteinase K digestion. e A highly purified ES (ES-3) obtained by reverse-phase HPLC
chromatography. Ten microliters of samples (ES 476 -2; 3 mg/ml in Milli-Q water) were
separated repeatedly and the active fraction (F4; RT = 6.32 min) were collected and
subjected to lyophilization. The obtained fraction, named F4, which showed positive
reaction in Ninhydrin test, was regarded as a highly purified ES (ES-3).
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