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ABSTRACT

Plants have innate immune responses against pathogens. Many bacterial pathogens
secrete type Il effectors (T3Es) to promote their growth. Thus, many T3Es target
host defense-related components. Therefore, it is important to identify and
characterize T3E interactors in the host plant. One bacterial pathogen, Ralstonia
solanacearum (R. solanacearum) causes severe wilt in a wide range of
horticultural crops. One of R. solanacearum T3E, RipAO, suppresses a defense
response, namely flg22-triggered ROS production in Nicotiana benthamiana. Here,
| screened Arabidopsis thaliana total cDNA library using RipAO to identify its
interactors and test whether candidate interactors are required for the RipAQO role to
suppress flg22-ROS production. Using yeast two-hybrid screening, three candidate
interactors, exocyst complex component SEC3A (SEC3A), SNF1 related protein

kinase (KIN10), and Arabidopsis thaliana homolog of yeast oxidase assembly 1



(OXAL) were identified. Interestingly, SEC3A could not accumulate in the
presence of RipAO. Moreover, RipAO could not or not fully suppress flg22-
triggered ROS production in N. benthamiana plants silenced for SEC3A homologs.
Taken together, these results suggest that RipAO targets the exocyst component
SEC3A and that SEC3A is required for RipAO suppression of flg22-ROS
production. Hence, this study uncovers a possible role of the vesicle trafficking

machinery as the target of pathogen effectors to impair the host defense response.

Key Words: exocyst complex component SEC3A, SNF1 related protein kinase,
Arabidopsis thaliana homolog of yeast oxidase assembly 1, yeast
two-hybrid, reactive oxygen species, Ralstonia solanacearum,

Arabidopsis thaliana, Nicotiana benthamiana
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INTRODUCTION

Plants have a two-branched innate immune system to fend off pathogens (Jones and
Dangl., 2006). The first branch of innate immunity is PAMP-triggered immunity
(PTI) activated by recognition of pathogen-associated molecular patterns (PAMPs).
PTI is initiated when the plasma membrane (PM) bound pattern recognition
receptors (PRRs) detect PAMPs at the surface of the plants (Zipfel, 2014). PRRs
mostly belong to the membrane-bound receptor-like kinase (RLKs) or receptor-like-
protein (RLP) families (Zipfel, 2014). After perception of PAMP by PRRs, plants
can initiate and activate the series of defense responses. PRRs form heterodimers
with their co-receptors to initiate intracellular signaling that is required for defense
responses. In the well-studied model plant A. thaliana, FLAGELLIN SENSING 2
(FLS2) recognizes the epitope flg22 of bacterial flagellin with BAK1 co-receptor
(Chinchilla et al., 2007). Activation of PRRs induces various defense signaling and
defense response events such as a burst of reactive oxygen species (ROS), callose
deposition, increase of Ca’" ion concentration, mitogen-activated protein kinase
(MAPK) activation, and secretion of antimicrobials (Blume et al., 2000; Segonzac
et al.,, 2011; Kadota et al., 2015). Protein transport to the target region and
coordinated membrane dynamics are therefore involved in several plant immune
mechanisms. For example, intracellular membrane vesicles can deliver defense
proteins and compounds to the invasion site of pathogens as a directional movement
(Bednarek et al., 2010). Moreover, the abundance of PRR on PM is also regulated
by vesicle trafficking (Ben Khaled et al., 2015; Wang et al., 2020). Therefore, the

vesicle trafficking of plant immunity related proteins to the right place as a dynamic
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subcellular localization is critical for the plant immune responses (Ben Khaled et al.,
2015).

On the other hand, successful plant pathogens can deploy virulence proteins
called effectors to diminish plant defense responses causing effector-triggered
susceptibility (ETS). For instance, one of well-studied Pseudomonas syringae (P.
syringae) effectors, AvrPtoB, can suppress plant ROS production triggered by flg22
(Hann and Rathjen., 2007). In addition, another P. syringae effector HopAll targets
MAPK and inactivates it through its phosphothreonine lyase activity (Zhang et al.,
2007). However, in the second branch of plant immunity, the effectors can be
specifically recognized by resistance (R) proteins in plants and trigger effector-
triggered immunity (ETI). The R genes mostly encode intracellular nucleotide-
binding leucine-rich repeat (NB-LRR) receptors. The initiation of ETI triggers
similar responses as PTI but stronger and long-lasting which often brings a
programmed cell death called hypersensitive response (HR) (Chiang and Coaker.,
2015).

Ralstonia solanacearum (R. solanacearum) is a gram-negative bacterium
that causes serious bacterial wilt disease in plants. Due to its extensive diversity and
heterogeneous species, it is commonly called R. solanacearum species complex
(RSSC) (Genin and Denny., 2012). R. solanacearum can inject a variety of effectors
called Rips (Ralstonia injected proteins) or type III effectors (T3Es) by using their
type Il secretion system (T3SS) (Peeters et al., 2013; Genin., 2010). One of the most
studied T3Es of R. solanacearum is PopP2 (RipP2) that localizes to the plant nucleus
(Deslandes et al., 2003). PopP2 targets some defense signaling-related WRKY

transcription factors of plants (Le Roux et al., 2015; Sarris et al., 2015). Another R.



solanacearum effector, RipAY is reported to be phosphorylated in the plants and is
known to suppress PTI by mediating degradation of glutathione through its gamma-
glutamyl cyclotransferase activity (Macho et al., 2017). Moreover, there are more
than 100 effector families in RSSC (Genin and Denny., 2012). But most of the RSSC
effector functions and the reason why it is possessing large numbers of effectors are
still unknown.

In other phytopathogens, some effectors target vesicle trafficking to
suppress PTI. For instance, P. syringae HopM1 can suppress PTI by targeting the A.
thaliana trans-Golgi network/early-endosome (TGN/EE) associated AtMIN7 and
mediates its degradation by the host 26S proteasome (Nomura et al., 2011). As
AtMIN7 contributes to SA-regulated callose deposition, HopM1-mediated
degradation of AtMIN7 weakens plant defense. Another P. syringae eftfector,
AvrPtoB, ubiquitinates the exocyst subunit component EXO70B1 and mediates its
degradation via the host 26S proteasome (Wang et al., 2019). EXO70B1 subunit is
required for accumulation and homeostasis of FLS2 on PM (Wang et al., 2020).
These findings are highlighting that effectors targeting vesicle trafficking have
critical roles to suppress PTL

In this study, I characterized one of R. solanacearum type 11l effectors, RipAO,
which is reported to localize in the nucleus and in vesicles (Jeon et al., 2020). RipAO
can suppress flg22-triggered ROS production and reduce flg22-induced defense
gene expression (Jeon et al., 2020). In order to identify the interactors of RipAO, I
performed yeast two-hybrid screening with A. thaliana whole cDNA library using
yeast GAL4-based system. Individual candidate interactors were cloned into yeast

expression vectors separately and confirmed in 1 to 1 interaction. Then I have



attempted to confirm the interactions in planta using co-immunoprecipitation (co-
IP), but I discovered that RipAO might prevent the accumulation of one specific
candidate. Finally, the function of RipAO in N. benthamiana was investigated in

candidate interactors silenced plants. My results are organized into three parts:

1. Identification of RipAQ targets in A. thaliana by yeast two-hybrid screening.

2. Confirmation of protein interaction between RipAO and candidate
interactors by co-IP assay in planta.
3. Investigation of the role of RipAO interactors for its biological function by

VIGS and ROS burst measurement.

This work is the first step for the characterization of R. solanacearum effector RipAO
with its plant interactors. Further examination of RipAO with the interactors is

necessary to help to understand the detailed mechanisms.



MATERIALS AND METHODS

Plant and yeast strain culture
N. benthamiana plants were grown for 5 to 6 weeks in a growth chamber at 24 to

26T and 60% relative humidity under a 16 h light/8 h dark cycle.

Saccharomyces cerevisiae (S. cerevisiae) strain Y187 and AH109 were provided by
the Plant immunity laboratory at Pohang University of Science and Technology.
Yeast strains were cultured in YPD broth (Takara) and maintained as glycerol stocks

at — 80C in a deep-freezer. The library of P. syringae-infected A. thaliana cDNA

inserted in the yeast expression vector pGADT?7 in S. cerevisiae strain Y187 was

kindly provided by professor Ho Won Jung, Dong-A University, Busan.

Molecular cloning

a) Construction of the bait vectors for the yeast-two-hybrid screen

Coding sequences of two R. solanacearum Type Il effector RipAB and RipAF1
were amplified by PCR and ligated into the pGEMt easy entry vector (Promega).
RipAO coding sequence was synthesized by Genewiz and cloned into pUC57 vector.
All the plasmids were mobilized into Escherichia coli (E. coli) DH5a by
electroporation. The coding sequence of each effector was confirmed by sequencing
and subcloned into the restriction sites Ndel and Ncol (RipAB), Ndel and EcoRI
(RipAF1), and EcoRI and BamHI (RipAO) of the yeast expression vector
pGBKT7(GAL4-BD, bait). Each construct was then mobilized into E. coli DHS5a
and confirmed by restriction enzyme digestion test. Confirmed vectors were

transformed into yeast strain AHO19 using Frozen-EZ Yeast Transformation II Kit
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(Zymo Research) according to the manufacturer’s protocol.
b) Construction of prey vectors to confirm yeast-two-hybrid screen results
Full-length and truncated coding sequence of A. thaliana SEC3A N-terminal (1-

471aa), SEC3A C-terminal (471-892aa) AVAL654, SEC3A C-terminal (471-
893aa), SEC3A AVAL654, SEC3A, SNRKI related protein kinase 1.1 (KIN10)

and A. thaliana yeast homolog of yeast oxidase assembly 1 protein (OXA1) were
amplified by PCR from wild type A. thaliana Col-0 cDNA and cloned into
pICH41021 vector. The coding sequences were then ligated into the yeast expression
vector pGADT7(GAL4-AD, prey) through restriction sites Smal and BamHI
(SEC3A), and EcoRI and BamHI (SEC3A N-terminal, SEC3A C-terminal, KIN10,
and OXA1). Then, each of the ligated plasmids was transformed into £. coli DH5a.
The vectors were confirmed by restriction enzyme digestion test and mobilized into
S. cerevisiae Y 187 strain using the Quick & Easy Yeast Transformation Mix (Takara).

The transformants were stored as glycerol stock at -80C.

¢) Construction of binary vectors for in planta expression

Coding sequences of RipAO candidate interactors (SEC3A, KIN10, and OXA1)
were amplified as about 1 kb-long golden gate compatible modules from 4. thaliana
Col-0 with Bsal site-flanking primers (Table 1). All the amplified fragments were
ligated into the pICH41021 vector and confirmed by Sanger sequencing. Then the
entry modules for each interactor candidate were assembled in fusion with C-
terminal GFP under the control of the 35S promoter in the binary vector pICH86988,
using Bsal-based Golden Gate assembly. Assembled constructs were confirmed by
restriction analysis and mobilized to Agrobacterium tumefaciens (A. tumefaciens)

AGLI1 strain and stored as glycerol stock at -80 C.

6 1



d) Construction of silencing vectors

Two NbSEC3A homologs and 4NbKIN10 homologs were used for virus-induced
gene silencing assay. Silencing fragments of 150 to 300 base pairs were designed for
N. benthamiana homologs of AtSEC3A (Nibenl01Scf00219g04018.1 and
Nibenl01Scf10412g01012.1) and  AtKIN1O  (Nibenl01Scf00063g05003.1,
Nibenl101Scf04763200007.1, Niben101Scf06026g00009.1 and
Nibenl01Scf17051g00006.1) using Solgenomics.net (Sol Genomics Network). Each
silencing fragment was PCR-amplified from the cDNA of wild type N. benthamiana
and cloned into pICH41021 entry vector. Each silencing fragments was confirmed
by sequencing. The silencing fragments were then ligated into the EcoRI and BamHI
site of the pTRV2 vector. The constructs were confirmed by digestion test of

restriction enzymes and transformed into 4. tumefaciens AGL1 strain.

Yeast-two hybrid system

a) Selection of true bait transformants

Yeast transformants of AH109 having bait plasmid (pGBKT7) containing
appropriate genes were selected on SD (synthetic drop-out) —Trp (lacking
tryptophan). Selected yeast colonies were resuspended in potassium phosphate (67
mM) and lyticase solution containing 5 units/ul Iyticase in 1X TE buffer (Sigma-

Aldrich), digested at 37 C  for 30 to 60 minutes and used as PCR templates. To detect

positive colonies, primers were designed to target 300 to 600 base pairs in the
internal regions of effectors or interactor candidates in two yeast expression plasmids
pGBKT?7. Finally, to confirm the true transformants, plasmids were isolated from the

positive colonies. Yeast cultures grown in appropriate SD medium for 18 to 24 h
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were spin-down, digested in lyticase for 1h at 37°C, and resuspended in SDS (20%).
Subsequently, plasmids were isolated with the QIAGEN miniprep kit (QIAGEN)
according to the manufacturer’s protocol. Isolated plasmids were re-transformed into
E. coli and grown on LB (Luria-Bertani) broth containing appropriate antibiotics.
Plasmids were isolated again and confirmed with a restriction enzyme digestion test.
b) Yeast two-hybrid screening using RipAO as a bait

To screen the candidates of effector interactors, two haploid strains, RipAO in

AH109 and Y187 having Arabidopsis library were mated by incubation in 30°C for

24 to 30 hours in YPD (Yeast peptone dextrose) broth. Diploid yeasts containing
both bait and prey plasmids were selected on SD —Trp-Leu-His-Ade (lacking
tryptophan, leucine, histidine and adenine) medium. Selected diploid yeast colonies
were re-streaked on SD —Trp-Leu-His-Ade + X-a-gal (5-Bromo-4-chloro-3-indolyl-
a-D-galactopyranoside) medium. Subsequently, the yeast colony changed into blue,
fished-out genes were amplified by colony PCR and confirmed by sequencing using
primers of pGADT7 as described by Lu. 2011. The sequencing results were
submitted to BLAST for identifying the gene.

¢) Confirmation of one-to-one protein interaction between RipAO and full-
length or truncated candidate interactors

Identified interactor genes were PCR-amplified and constructed in pGADT7
plasmids. Then, constructed plasmids were re-transformed into S. cerevisiae Y187
strain. The S. cerevisiae Y187 transformants containing prey plasmids were selected
on SD —Leu medium. All the selected yeast transformants were confirmed by yeast
colony PCR. Lastly, selected yeast transformants were grown together with S.

cerevisiae AH109 strain containing bait plasmids for 24 to 30 h. Then, mated



diploids were serially diluted and dropped on SD —Trp-Leu-His-Ade + X-a-gal
medium and SD —Trp—Leu medium in order to confirm whether the activation of
MEL]I gene is certainly due to the interaction between RipAO fused with GAL4-

binding domain and candidate interactors fused with GAL4-activation domain.

Agrobacterium tumefaciens-mediated transient expression in V. benthamiana.

To transiently express proteins in N. benthamiana, A. tumefaciens AGL1 cells
containing plasmids with effector fused with 3xFLAG, and SEC3A, KIN10 and
OXALI fused with YFP were grown in LB broth containing appropriate antibiotics at

28°C for 24h. Cell cultures were spin-down and re-suspended to OD600 0.5 in

infiltration medium (10 mM MgCl2 and 10 mM MES-KOH, pH5.6). The infiltration

was performed in the leaf of 5-6-week-old plants.

Immunoprecipitation and immunoblotting

a) Protein extraction from yeast

In order to test the protein expression in yeast, AH109 strain containing effectors in
pGBKT7 were grown in appropriate SD media for 24 to 36 h and spin-down to be
re-suspended in 100 pl of sterilized distilled water to OD600 2.5. the resuspended
pellet was treated with 0.2M NaOH and incubated at room temperature for 10
minutes. Then, the extracted total protein was spinned-down to resuspend in a 3X

loading buffer. Extracted protein with 3X loading buffer was boiled at 96 C for 3

minutes and loaded on a 10% acrylamide/bis-acrylamide gel.

b) Protein extraction from . benthamiana leaves

9 1



Leaves of N. benthamiana expressing effector and interactor candidates were
harvested 48 h after A. tumefaciens infiltration and frozen in liquid nitrogen. Leaves
were ground to a fine powder in liquid nitrogen and resuspended in GTEN extraction
buffer (10% glycerol, 150 mM Tris-HCI1 pH 7.5, 1 mM EDTA and 150 mM NaCl)
containing cOmplete protease inhibitor (0.25 tablet / 10 ml), 1% Igepal detergent, 1%
PVPP and 10 mM DTT (1, 4-Dithiothreitol). Total protein extract was mixed with
5X loading buffer containing 50 mM DTT in SDS loading dye (20% SDS, 10%

glycerol, 0.5M Tris, and 18mg bromophenol blue), boiled at 96 C for 10 minutes,

spin-down, and loaded on a 10% acrylamide/bis-acrylamide gel.
¢) Immunoprecipitation from N. benthamiana total protein extract
Total protein extracts were incubated with anti-FLAG antibody-conjugated agarose

beads (Sigma-Aldrich) overnight at 4°C. Beads were washed with washing buffer

(10% glycerol, 150 mM Tris-HCl pH 7.5, 1 mM EDTA, and 150 mM NaCl)
containing cOmplete protease inhibitor (0.25 tablet /10 ml), 1% Igepal detergent, and

10 mM DTT and boiled with 3X loading buffer at 96°C for 10 minutes.

Immunopurified proteins were then separated on a 10% acrylamide/bis-acrylamide
gel.

d) Western blotting

Proteins were transferred to the PVDD (polyvinylpolypyrrolidone) membrane in
transfer buffer (20% Tris-Glycine and 10 % methanol) from the acrylamide gels. The
membrane was blocked with 5% skim milk in TBST solution (Tris-buffered saline
and 0.05% tween 20). Primary antibody (anti-FLAG Ab and anti-GFP Ab) and
secondary antibody (anti-mouse HRP Ab) were diluted in 5% skim milk in TBST

solution to 1/5,000 and 1/20,000 respectively. To detect the proteins on the
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membrane, SuperSignal West Pico Chemiluminescent Substrate and SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Scientific) were used as the

manufacturer’s instruction.

Virus induced gene silencing (VIGS) assay

To make N. benthamiana infected by TRV (Tomato Rattle Virus) and silence target
genes, A. tumefaciens AGLI1 cells carrying pTRV2 and pTRV1 plasmids were grown
in the LB broth containing appropriate antibiotics for 24 h at 28 C.. Cells were spin-
down, resuspended in infiltration medium (10 mM MgCl; and 10 mM MES-KOH,
pH 5.6), and then infiltrated with a needleless syringe into the cotyledons of 2-week-

old plants.

Measurement of ROS production

N. benthamiana leaf discs were harvested using a 5 mm diameter biopsy punch and
floated overnight on 150 pl of sterilized water in 96 well-plates. The ROS production
was measured by chemiluminescence. The water was replaced with 100 ul of assay
solution (100 uM luminol (Sigma-Aldrich), 2 pg of horseradish peroxidase (Sigma-
Aldrich), and 100 nM f1g22 (Peptron)). The ROS burst was measured for 75 minutes

using GloMax 96 Microplate Luminometer.

Semi-quantitative RT-PCR
N. benthamiana leaf discs used for the ROS measurement were collected and frozen
in liquid nitrogen. Total RNA was extracted using TRIzol-Reagent (Ambion) and

BCP (1-bromo 3-chloropropane; Sigma-Aldrich). Then, DNase 1 (Sigma-Aldrich)
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was treated to extracted total RNA. First-strand cDNA was synthesized from 2.5 pg
of RNA using Maxima first-strand cDNA synthesis kit (Thermofisher Scientific).
Primer sets for semi-quantitative RT-PCR of NbSEC3A and NbKIN10 homologs
were designed to target 150 to 300 base pairs in the internal region of each gene but
outside the region used for silencing. The target regions were confirmed whether the
set of primers are amplifying only the target regions by performing the BLAST using
Solgenomics.net (Sol Genomics Network). 4ul of diluted cDNA was used as a semi-
quantitative RT-PCR template. Then, the PCR products were loaded on 1.5% agarose
gel. The transcription level of silenced genes by VIGS was quantified using Imagel

software, then normalized to the defense marker gene NbEF 1o levels.
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Table 1. List of primers

Gene/Plasmid

Sequence (5'—3")

Purpose

pGADT7

pGBKT7

RipAB

RipAF1

AtSEC3A

AtSEC3A NT

AtSEC3A_CT

AtKIN10

AtOXA1

NbSEC3A 1,2

NbKIN10 1,2

NbKIN10 3

NbKIN10 4

: CTATTCGATGATGAAGATACCCCACCAAACCC

: AGTGAACTTGCGGGGTTTTTCAGTATCTACGAT

: TAATACGACTCACTATAGGGCGA

: CCTCAAGACCCGTTTAGAGG

: CATATGATGAGCCACAGCAAAATCAAGGC

: CCATGGTCAGTCGTCGTCGTCCTTGATCTTC

: CATATGATGGGTTTGCCACGGATCCCC

: GAATTCTCATCGCGTTGACGTGGA

: CCCGGGAATGGCGAAATCAAGTGCTGA

: GGATCCTTACATGGAAGCCAGAAGTCCT

: GAATTCATGGCGAAATCAAGTGCTGA

: GGATCCACGAGCCTCTCTACAAAGGAG

: GTGAATTCGCGAATGAGCTTC

: GGATCCTTACATGGAAGCCAGAAGTCCT

: GAATTCATGGATGGATCAGGCACAGG

: GGATCCTCATAGTACTCGGAGCTGAGC

: GAATTCATGGCTTTCAGACAAACTTTATCTATA

: GGATCCTCACTTCTTCTTGCTGCTATTCTT

: GAATTCGAAAACAAAGCTGGTAAAAACACTG

: GGATCCTATTCCATGCATTGATATACATCGC

: GAATTCGTGGGAGCAGCGTGGAGT

: GGATCCTTTCCCTTCTCACTTTTTCTTCCATATCC

: GAATTCCATGACTAAAGAAGCCATAATTACAGA

: GGATCCTTATCCAAAGGTTACTTGTACCAATG

: GAATTCGGTAAAGTTAAAATTGCTGAGCATTT

: GGATCCTCCATCACAACATATATATCTGATG
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AtKIN10

AtOXA1

NbSEC3A_1,2

NbKIN10 1,2

NbKIN10 3

NbKIN10_4

: GGTCTCAAATGGATGGATCAGGCACAGG

: GGTCTCACCACCATGTTTCGATGGCAG

: GGTCTCAGTGGTTCACAGAGATCTCAAGC

: GGTCTCAACTCAGCCCCGAGATAACCA

: GGTCTCAGAGTTTCAAGAAACCATGGAAGGT

: GGTCTCACGAATAGTACTCGGAGCTGAGCAA

: GGTCTCAAATGGCTTTCAGACAAACTTTATCTATA

: GGTCTCACGAACTTCTTCTTGCTGCTATTCTTCTTC

1 AGTTTATCTGGGGTGGATAAGTCC

: CGCATTTCTGAGACAGATGGG

: TAAATTCAAGTGAAGCTGTTGC

: CACTGAATTAGGTATAGGGAC

: CACCAGTGTCACTGCCTCAA

: GCGGATGATCTCCAGCAAGA

: TGGTGTCACGATCTTGATTTTCC

: AGAGGAACTGCGGACCACTA

Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
semi-qRT-PCR
semi-qRT-PCR
semi-qRT-PCR
semi-qRT-PCR
semi-qRT-PCR
semi-qRT-PCR
semi-qRT-PCR

semi-qRT-PCR
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RESULTS

Yeast two-hybrid screening to identify the Arabidopsis thaliana proteins
that interact with nuclear localization signal (NLS) —containing Ralstonia

solanacearum Type 111 effector (T3E)

Selection of NLS-containing type III effectors

Some T3Es from phytopathogenic bacteria localize to the nucleus and play a crucial
role to disrupt the defense signaling of the plants. 19 of 80 R. solanacearum effectors
were predicted to carry a putative NLS (Jeon et al., 2020). Among these 19 effectors,
several predicted NLS-containing T3Es showed suppression of flg22-induced ROS
production in N. benthamiana (Jeon et al., 2020). One of NLS-containing T3Es,
RipAO impairs total flg22-triggered ROS production in N. benthamiana. RipAF1
also delayed flg22-triggered ROS burst (Jeon et al., 2020). To link between immune-
suppressive activity and effector subcellular localization, effectors were fused with
a yellow fluorescent protein (YFP) and visualized by transient expression in N.
benthamiana through the confocal microscopy assay. RipAB exclusively localized
in the nucleus of the epidermal cell, RipAO localized to the nucleus and vesicles and
RipAF1 is nucleocytoplasmic (Jeon et al., 2020). These 3 effectors were selected for

further functional characterization.
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Cloning, expression and activity of the three selected effectors in yeast
To understand how effectors affect plant immunity, we are looking for their target in
the plant cell. Here I screened A. thaliana cDNA library with the yeast two-hybrid
system to identify effector targets. The coding sequence of RipAB, RipAF1, and
RipAO, were cloned under the control of the 4DHI promoter into the yeast
expression vector pGBKT7 using conventional restriction cloning. Confirmed
constructs for the 3 effectors were obtained and mobilized into S. cerevisiae AH109.
In order to confirm the expression of effector-GAL4DB fusion in yeast, a
western blot assay was performed (Figure 1). Total proteins of the S. cerevisiae
AH109 containing each corresponding T3E-bait plasmid construct were extracted,
resolved by electrophoresis through SDS-PAGE, and were immunoblotted with anti-
Myc antibodies. ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) coding
sequence constructed in the bait vector and pGBKT7 empty vector transformed S.
cerevisiae AH109 cells were used as controls. RipAB, RipAF1, and RipAO fused
with GAL4-binding domain were detected at around 40 kDa, 65 kDa, and 100 kDa
respectively. The result indicates that all the effectors were well expressed and
detected by immunoblotting.
To test the autoactivation activity of the effectors fused with the GAL4 DNA-binding
domain, each S. cerevisiae AH109 transformants containing each effector-bait
plasmid constructs were grown together with S. cerevisiae Y187 transformants
containing pGADT7 (GAL4-activation domain) empty vector in YPD broth. Mated
diploids containing EDS1 and PHYTOALEXIN DEFICIENT4 (PAD4) were
constructed in the bait vector pGBKT7 and prey vector pPGADT7 (Feys et al., 2001),

and empty vector of pGBKT7 and pGADT?7 plasmids were used as controls. Mated
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diploids were ten-fold serial diluted and spotted to grow on SD -Trp-Leu and —Trp-
Leu-His media (Figure 2). As a result of the test, each of the effectors fused with the
GAL4 DNA-binding domain cannot activate the reporter gene (HIS3) conferring

growth on medium lacking His with the GAL4 DNA-activation domain.
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Figure 1. Expression of the effector-GAL4 binding domain fusion in yeast

SDS-PAGE and western blot analysis of each Rip expressed in yeast strain AH109
under the control of the ADHI gene promoter. pGBKT7 empty vector and EDS1
constructed in pGBKT7 plasmid were used as a negative control and positive control,
respectively. Yeast total protein was extracted, separated on acrylamide, and
immunoblotted with anti-Myc antibodies. Numbers on each lane indicate the
expected molecular sizes of each protein. Ponceau staining of the membrane attests

to equal loading of proteins.
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Figure 2. Three studied Rips cannot activate the HIS3 reporter gene when co-
expressed with GAL4 DNA activation-domain.

Mated diploids containing ENHANCED DISEASE SUSCEPTIBILITY1 (EDSI) and
PHYTOALEXIN DEFICIENT4 (PAD4) constructed in bait and prey plasmid were
used as a positive control. Mated diploids containing pGBKT7 and pGADT7 empty
vectors were used as a negative control. Colonies grown on SD medium -Trp-Leu
indicates that colonies are containing prey and bait plasmids and colonies grown on
SD medium -Trp-Leu-His indicates bait-prey interaction between two proteins. Cells

were grown on selective media for 5 days before photographs were taken.
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Some Arabidopsis thaliana genes can activate MELI gene with GAL4 DNA-
binding domain

We hypothesized that some of the proteins from A. thaliana cDNA library may
interact with the GAL4 DNA-binding domain. In order to leave out autoactivated
library genes, a blank screening was performed. S. cerevisiae AH109 cells containing
pGBKT7 empty vector was mated with S. cerevisiae Y187 transformants containing
A. thaliana cDNA library constructed in pGADT?7 plasmid. As a result of the blank
screening, 12 different genes among 37 colonies were identified as genes that interact
with the GAL4 DNA-binding domain (Figure 3, Table 2). Autoactivating genes were
identified by colony PCR, sequencing, and the basic local alignment search tool
(BLAST). Various proteins were revealed as interactors of the GAL4 DNA-binding
domain including Ribosomal proteins, Calcium-binding EF-hand family proteins,

and 26S proteasome AAA-ATPase subunit.
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Table 2. List of autoactivating genes from the A. thaliana cDNA library used in
this study

Gene Description

AT1G70600.1 Ribosomal protein L18e/L15 superfamily protein

AT1G10350 DNAJ heat shock family protein

AT1G18210.1 Calcium-binding EF-hand family protein

AT5G62300.1 Ribosomal protein S10p/S20e family protein

AT4G20362.1 ATRABS8D, ATRABE1B, RAB GTPASE HOMOLOG E1B, RABEIB,

SUPPRESSOR OF VARIEGATION11, SVR11
AT3G47833.1 SDH7, SDH7A, SUCCINATE DEHYDROGENASE 7

AT5G20000 AAA-type ATPase family protein
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Figure 3. GAL4 DNA binding-domain interacts with some of Arabidopsis
library proteins

(A) S. cerevisiae mated diploids containing empty pGBKT7 plasmid and cDNA
library constructed in pGADT7 plasmids were mated and grown on SD medium
—Trp-Leu-His-Ade. 37 colonies grew on selective medium A representative
plate was photographed after 5 days at 30C.

(B) Colony PCR assay of colonies from SD medium —Trp-Leu-His-Ade showed
bands of different sizes. PCR-amplification was performed using primers
targeting the internal region of pGADT7 plasmid which the cDNA fragment is
inserted. Mated diploids containing pGADT7:PAD4 and pGBKT7:EDS1, and
pGADT7 EV and pGBKT7 EV were used as controls (EV and PAD4
respectively). Band size for pGADT7:PAD4 and pGADT7 EV is 1847 bp and

221 bp respectively.
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Yeast two-hybrid screening of A. thaliana cDNA library for RipAO interactors
To identify proteins that interact with RipAO, S. cerevisiae AH109 transformants
containing RipAO-GAL4 DNA-binding domain constructed in pGBKT7 plasmid
were grown together with S. cerevisiae Y187 transformants containing 4. thaliana
cDNA library constructed in pGADT7 plasmid and spotted on selective interaction
medium. Through this screening, a total of 31 colonies grew out on SD-THLA. To
eliminate false-positive, I first re-streak each colony on SD —Trp-Leu-His-Ade
medium to perform colony segregation. Then I picked 3 colonies (total 96 colonies
from 31 original colonies) for each and grew them on SD —Trp-Leu-His-Ade + x-a-
gal medium again to confirm whether the colonies are turning blue. Then I performed
yeast colony PCR to amplify the RipAO candidate interactors. Through the yeast
colony PCR analysis, I could observe 28 colonies giving an identical band of about
1.2 kb (Figure 4), 2 colonies giving a band about 0.9 kb, and 1 colony giving a band
of about 0.4 kb from the total 31 colonies (Table 3). PCR products were gel purified
and sent for sequencing confirmation to identify the sequence of interactors through
BLAST in TAIR (www.arabidopsis.org) and National Center for Biotechnology
Information (www.ncbi.nlm.gov) website. The result indicated that the 1.2 kb bands
all contained cDNA fragment of the exocyst complex component SEC3A, the bands
of about 0.9 kb encoded SNF1 kinase homolog 10 (AtKIN10) and the band of about
0.4 kb was a ¢cDNA fragment of A. thaliana oxidase homolog of yeast assembly 1

protein (OXA1).
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Figure 4. RipAO fused with GAL4 DNA binding-domain can activate MEL1
gene when co-expressed with some A. thaliana proteins

(A). S. cerevisiae mated diploids grew on the SD —Trp-Leu-His-Ade + x-a-gal
medium. Mated diploids containing pGADT7:PAD4 and pGBKT7:EDS1 were used
as a positive control (P). Colonies were grown on the SD —Trp-Leu-His-Ade medium
were re-streaked for segregation analysis on the SD —Trp-Leu-His-Ade + x-a-gal
medium. Blue color indicates that bait and prey plasmids in diploids can activate the
MELI gene. A representative plate with 12 original colonies re-streak was

photographed after 5 days at 30C.
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(B). Colony PCR products of 31 colonies from the screening. 28 identical band sizes
of about 1.2 kb, 2 identical band sizes of about 0.9 kb, and 1 band size of about 0.4
kb are corresponding to SEC3A, KIN10, and OXA1 ¢cDNA fragments respectively.
Mated diploids containing pGADT7:PAD4 and pGBKT7:EDSI, and pGADT7 EV
and pGBKT7 EV were used as controls (EV and PAD4 respectively). PCR was
performed with primers of pGBKT7 plasmid as described by Lu. 2011. Band size

for pPGADT7:PAD4 and pGADT7 EV is 1847 bp and 221 bp respectively.
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Table 3. List of genes identified in blue colonies as candidate RipAO interactors

Gene Description Protein length (AA) Number of colonies
AT1G47550 Exocyst complex component 889 28
SEC3A
AT3G01090 KIN10, SNF1 related protein 513 2
kinase
AT5G62050 Arabidopsis thaliana homolog 430 1

of yeast oxidase homolog
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Confirmation of RipAO full-length and truncated candidate interactors

by one-to-one interaction through yeast two-hybrid assay

Re-transformation of the original fished-out plasmids

Plasmids were isolated from the identified colonies and retransformed into the S.
cerevisiae Y 187 strain in order to confirm whether the activation of the MELI gene
is indeed due to the presence of the fished-out plasmids. S. cerevisiae AH109
transformants containing RipAO-GAL4 DNA-binding domain and each Y187 strain
containing candidate plasmids were grown together in YPD broth and dropped to
grow on SD medium —Trp—Leu-His—Ade + X-a-gal and SD medium —Trp—Leu. As
a result of the test, I could observe that plasmids from original colonies can activate
the MEL1 gene (Figure 5) as the mated diploids turned blue. This demonstrates that
the plasmids isolated from the original colonies contain specific interactors of

RipAO.
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Figure 5. The original fished-out plasmids containing candidate gene fragments
can activate the MEL1 gene when co-expressed with RipAO fused with GAL4
DNA-binding domain in yeast.

Interaction test between RipAO-DNA-binding domain and A. thaliana cDNA
fragments fused with GAL4 DNA-activation domain. Colonies growing on SD —
Trp—Leu contains pairs of prey and baits plasmids. The blue color of colonies on SD
—Trp—Leu—His—Ade + x-a-gal medium indicates activation of MELI genes due to

protein interaction. Mated cells were grown for 6 days at 30 C before photographs

were taken.
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Cloning of full-length and truncated cDNA for candidate interactors of RipAO
The cDNA fragments isolated from the yeast two-hybrid screening are partial,
lacking the 5’ region that encodes the N-terminal part of proteins, and had about
300aa (about 589-889aa). To test if the full-length SEC3A, KIN10, and OXAl
proteins interact with RipAQ, the entire open reading frame of the candidate were
amplified and cloned into the pGADT7 yeast expression vector. Moreover, in order
to test which region of SEC3A would interact with RipAO, I generated truncated
SEC3A fragments that encode N-terminal(1-471aa) containing phosphatidylinositol
4,5-bisphosphate  (PIP2) domain and SEC3A  C-terminal(471-889aa)
(https://www.ebi.ac.uk/interpro/). Interestingly, while I was amplifying the full-
length cDNA of SEC3A, I found two types of sequence: one matches with known
Arabidopsis reference while the other one is lacking the 654™ Valine. The cDNA
fragments that I could isolate from the screening did not contain 654™ Valine. Thus,

I generated constructs of SEC3A (A Val 654) and SEC3A C-terminal (A Val 654) in

pGADT?7 plasmid, in order to identify whether RipAO interacts with both forms of

SEC3A.
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Full-length and truncated candidate genes cannot activate MELI gene with
GAL4 DNA-activation domain

I hypothesized that some of the cloned genes may activate the MELI gene with the
GAL4 DNA-binding domain, thus, they may be false positives. Therefore, to leave
out autoactivated genes, I first performed an autoactivation test prior to perform a
one-to-one interaction test with S. cerevisiaeAH109 strain containing RipAO in bait
plasmid. In order to test this, S. cerevisiae Y187 strain containing full-length and
truncated candidate gene cloned in pGADT7 were individually grown together with
S. cerevisiae AH109 strain containing pGBKT7 EV in YPD broth for 24 h. For the
controls, mated diploids containing EDS1 and PAD4 constructed in the bait vector
pGBKT?7 and prey vector pPGADT7 (Feys et al., 2001), and empty vector of pPGBKT7
and pGADT?7 plasmids were used, respectively. The mated diploids were serially
diluted and dropped on SD -Trp—Leu and —Trp-Leu—His—Adetx-a-gal media
(Figure 6). As a result of the test, mated diploids could only grow on SD —Trp-Leu
medium. This indicates that each of the full-length and truncated candidate genes
fused with the GAL4 DNA-activation domain cannot activate the MELI gene with
the GAL4 DNA-binding domain. This result is in accordance with none of the three

candidates being identified on the blank screen.

30



pGBKT7:  EDSI EV RipAO  RipAO  RipAO  RipAO RipAO RipAO RipAO
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Figure 6. Full-length and truncated A. thaliana candidate proteins cannot
activate MEL1 gene with GAL4 DNA activation-domain

Interaction test between GAL4 DNA-binding domain and full-length and truncated
A. thaliana candidate proteins fused with GAL4 DNA-activation domain. Colonies
growing on SD —Trp—Leu contains pairs of prey and baits plasmids. The blue color
of colonies on SD —Trp—Leu-His—Ade + x-a-gal medium indicates activation of
MELI genes due to protein interaction. Mated cells were grown for 5 days at 30°C

before photographs were taken.
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RipAO fused with GAL4 DNA binding-domain interacts with the full-length
candidate fused with GAL4 DNA-activation domain

In order to examine whether RipAO is interacting with three full-length and
truncated candidate interactors, I performed a yeast two-hybrid assay. S. cerevisiae
AH109 strain containing RipAO constructed in pGBKT7 plasmid and S. cerevisiae
Y187 strain containing each of full-length and truncated genes cloned in pGADT7
plasmid were grown together individually in YPD broth for 24 h. The mated diploids
were serially diluted to spot on SD —Trp—Leu, SD —Trp—Leu—His, and SD —Trp—Leu—
His—Ade + x-0-gal media. As a result of the yeast two-hybrid assay, I could observe
that RipAO fused with the GAL4 DNA-binding domain can activate MELI genes
with both SEC3A and SEC3A (AVal 654), and KIN10 fused with the GAL4 DNA-
activation domain (Figure 7). Also, I could observe RipAO fused with GAL4 DNA-
binding domain can activate the MELI gene with the C-terminal region of SEC3A
fused with GAL4 DNA-activation domain, but not with the N-terminal region
(Figure 7). Finally, mated diploids containing construct of RipAO in pGBKT7 and
OXA1 in pGADT?7 could not grow on SD —Trp-Leu-His-Ade + x-a-gal medium but
could grow on SD —Trp-Leu-His. Taken all together, this indicates that RipAO can
interact with SEC3A independently of the presence of 654" Valine and that RipAO
can specifically interact with the C-terminal region of SEC3A but not with the N-
terminal region. In addition, RipAQO interacts with KIN10 and OXA 1 but has weaker

interaction with OXA1.
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Figure 7. Some plasmids containing full-length candidate A. thaliana genes and truncated-SEC3A gene can activate the
MEL1 gene when co-expressed with RipAO fused with GAL4 DNA-binding domain in yeast

Interaction test between RipAO-DNA-binding domain and, full-length and truncated A. thaliana cDNA fused with GAL4 DNA-
activation domain. Colonies growing on SD —Trp—Leu contains pairs of prey and bait plasmids. The blue color of colonies on SD
—Trp-Leu-His-Ade + x-a-gal medium indicates activation of MELI genes due to protein interaction. Colonies growing on SD —
Trp—Leu—His indicates the activation of HIS3 genes due to the week protein interaction. Mated cells were grown for 6 days at

30C before photographs were taken.
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Testing the interaction between RipAO and candidate interactors in

planta

SEC3A-YFP accumulates less in the presence of RipAO-FLAG in N
benthamiana

In order to test whether RipAO and SEC3A are interacting in planta, RipAO-
3xFLAG and SEC3A-YFP were co-expressed in N. benthamiana leaves through
Agrobacterium-mediated transient expression. The well-studied R. solanacearum
effector PopP2 (Sarris et al., 2015) fused with 3xFLAG-tag was co-expressed with
SEC3A-YFP as a negative control. RipAO-FLAG and GFP were co-expressed as
another negative control. Total proteins were extracted from leaves infiltrated with
different Agrobacterium density and examined by immunoblotting using anti-GFP
and anti-FLAG antibodies. SEC3A-YFP was detected by the anti-GFP antibody
when co-expressed with PopP2-3xFLAG. However, the accumulation of SEC3A-
YFP co-expressed with RipAO-FLAG was significantly lower and decreased with
increasing accumulation of RipAO-3xFLAG (Figure 8). This result indicates that

SEC3A cannot accumulate in the presence of RipAO.
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Figure 8. The abundance of SEC3A is reduced in presence of RipAO in .
benthamiana

A western blot assay of total protein extracts N. benthamiana leaf co-expressing
SEC3A-YFP or GFP with different amounts of RipAO-3xFLAG or PopP2-3xFLAG.
Proteins were separated by SDS-PAGE and detected by using anti-FLAG or anti-
GFP antibodies. Agrobacterium inoculum density for SEC3A-YFP and GFP
expression was adjusted to ODeoo 0.4, and co-infiltrated with different amount of
RipAO/PopP2-3xFLAG of ODgo 0.4, 0.2, and 0.1. Total proteins from N.
benthamiana leaf were extracted after 48h after infiltration. The expected molecular
weights of each protein are 26.4kDa (GFP), 127kDa (SEC3A-YFP), 50.01kDa
(RipAO-3xFLAG), and 53.86 kDa (PopP2-3xFLAG). Ponceau staining of the
membrane attests to equal loading of proteins. This experiment was conducted twice

with a similar result.
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Co-expression and co-IP assay of RipAO with KIN10 and OXA1

To test if RipAO and two other interactors, KIN10 and OXAT1 are associated, I first
co-expressed them in N. benthamiana. FLAG-tagged RipAO with YFP-tagged
KIN10 and OXA1 was respectively co-expressed in N. benthamiana. RipAO-FLAG
with LIPS fused with YFP (Interaction between RipAO-FLAG and LIP5-YFP was
confirmed by Hyelim Jeon through co-IP assay) were co-expressed for positive
control, PopP2-FLAG with LIP5-YFP or GFP were used as negative controls. Then
total proteins were extracted, and an immunoblotting assay was performed with anti-
FLAG and anti-GFP antibodies. The level of KIN10-YFP was detected as much as
LIP5-YFP did but OXA1-YFP was not detected by the anti-GFP antibody (Figure 9).
In order to confirm whether KIN10-YFP and RipAO-FLAG are interacting with each
other, the co-IP assay was performed. RipAO-FLAG and PopP2-FLAG were
immunoprecipitated with anti-FLAG antibody-conjugated beads. Anti-GFP
antibody could detect only LIP5-YFP co-expressed with RipAO-FLAG but KIN10-
YFP was not detected in both RipAO-FLAG and PopP2-FLAG co-expressed leaves

(Figure 9). This indicates that KIN10-YFP may not interact with RipAO-YFP.
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Figure 9. KIN10-YFP is not interacting with RipAO-FLAG in N. benthamiana
A western blot assay of total protein of KIN10-YFP / OXA1-YFP and RipAO-
3xFLAG were transiently co-expressed in N. benthamiana. Leaf. LIPS-YFP with
RipAO-3xFLAG / PopP2-3xFLAG and GFP with RipAO-3xFLAG were used for
controls. Total proteins from N. benthamiana leaf were extracted after 48h after
infiltration. Total protein extracts were subjected to anti-FLAG IP before
immunoblotting using anti-FLAG or anti-GFP antibodies. The expected molecular
weights of each protein are 26.4kDa (GFP), 85.28kDa (KIN10-YFP), 47.87kDa
(OXA1-YFP), 73.12kDa (LIP5-YFP), 50.01kDa (RipAO-3xFLAG), and 53.86kDa
(PopP2-3xFLAG). Ponceau staining attests to equal loading. This experiment was

conducted three times with similar results.

38



RipAO requires the candidate interactors to suppress flg22-triggered

ROS production in Nicotiana benthamiana

RipAO suppresses flg22-triggered ROS production in N. benthamiana

To confirm that RipAO can suppress flg22-triggered ROS production in N.
benthamiana, RipAO-YFP was transiently expressed before ROS production
measurement. AvrPtoB, a T3E from Pseudomonas syringae pv. tomato which
suppresses flg22-triggered ROS production (Hann and Rathjen., 2007) and GFP
were used as a positive and negative control respectively. Infiltrated leaf disks were
harvested at 1 dpi and treated with flg22 to measure the flg22-triggered ROS
production for 75 minutes. Compared to the flg22-triggered ROS production in GFP
expressing leaf, the flg22-triggered ROS production was significantly reduced in
both RipAO and AvrPtoB expressing leaf (Figure 10). But flg22-triggered ROS
production in RipAO-expressing leaf was not reduced as much as flg22-triggered
ROS production in AvrPtoB-expressing leaf. This result indicates that RipAO-YFP

can suppress ROS production in N. benthamiana.
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Figure 10. flg22-triggered ROS production is impaired presence of RipAO-YFP

in N. benthamiana

Flg22-induced ROS burst was measured for 75 min in N. benthamiana leaf disks.

GFP and AvrPtoB were included as negative and positive control respectively. (A)

kinetic of ROS production following elicitation with flg22. (B) Total ROS

production for 75 min was presented as relative (%) to GFP control. Data shown in

(A-B) are means + SEM (n=16) from one experiment. Statistical significance

compared to the GFP-expressing leaf is indicated by asterisks in (B) (Student’s t-test,

**% p<0.001). RLU, relative light unit.
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Design silencing fragment to knock-down candidate interactor homolog in N.
benthamiana

Since RipAO showed suppression of flg22-triggered ROS production in M.
benthamiana, we hypothesized that RipAO may require the candidate interactors for
this function. Therefore, VIGS assay using a TRV-based vector was employed to
silence the expression of SEC3A and KIN10 homologs in N. benthamiana prior to
RipAO expression and ROS measurement. First, [ identified N. benthamiana SEC3A
and KIN10 homologs using the database in Solgenomics.net (Sol Genomics
Network). One silencing fragment was generated to target the two N. benthamiana
SEC3A homologs (NbSEC3A 1 and NbSEC3A 2) due to the high percentage of
identity of two homologs (Figure 11). Also, three silencing fragments were derived
from the four N. benthamiana KIN10 homologs (NbKIN10 1, NbKIN10 2,
NbKIN10 3, and NbKIN10 4) (Figure 12). Due to the high percentage of identity
in NbKIN10 1 and NbKIN10 2, one DNA fragment was derived and theoretically
designed for silencing both homologs. Then, a VIGS assay on N. benthamiana was
performed by A4. tumefaciens containing each silencing fragment inserted in the
pTRV2 vector (TRV:INDSEC3A 1-2, TRV:NbKIN10 1-2, TRV:NbKIN10 3, and

TRV:NbKIN10 4).
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Figure 11. Amino acid sequence alignment of 2 NbSEC3A and AtSEC3A genes with silencing fragments

Homologs of SEC3A in A. thaliana and N. benthamiana amino acid sequence alignment using Clustal Omega and BoxShade.

Red indicates the location of the silencing fragment.
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Figure 12. Amino acid sequence alignment of 4 NbKIN10 and AtKIN10 genes with silencing fragments
Homologs of KIN10 in A. thaliana and N. benthamiana amino acid sequence alignment using Clustal Omega and BoxShade. The

red arrow indicates the location of the silencing fragment.
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ROS measurement in N. benthamiana silenced for SEC3A homolog and
confirmation of silencing efficiency by semi-quantitative RT-PCR

The RipAO suppression of flg22-triggered ROS burst was tested in TRV:EV and
TRV:SEC3A1-2 plants. GFP and AvrPtoB were used as negative and positive
controls respectively. Leaf disks from silenced plants were harvested at 1dpi and
ROS production was measured for 75 minutes after treatment of flg22. First of all,
flg22-triggered ROS production in both GFP expressed TRV:EV and TRV:SEC3A1-
2 plants are similar (Figure 13A). Also, I could not observe that suppression of flg22-
triggered ROS production in AvrPtoB expressed leaf in both TRV:EV and
TRVSEC3A1-2 plants was impaired. Finally, the flg22-triggered ROS production
was not suppressed or less suppressed by RipAO-YFP compared to TRV:EV plants
(Figure 13B).

In order to confirm that both SEC3A homologs were successfully silenced
in TRV:SEC3A1-2 plants, I first extracted the total RNA from the leaf disks after the
measurement of flg22-ROS production. Then, cDNA was synthesized from the
extracted RNA. The cDNA was amplified by using the housekeeping gene NbEFlo
and NbSEC3A1-2 specific primers. The band intensity of the PCR products of two
NbSEC3A on the agarose gel was quantified using ImagelJ software and normalized
by the NbEFIa gene. The experiment was repeated independently 3 times. The
relative expression level of two NbSEC34 amount was reduced over 80% than the
TRV:EV plants (Figure 14A-B). Together, these results indicate that one or the two
NbSEC3A homologs are associated with ROS production triggered by flg22 and that
one or the two NbSEC3A are required for RipAO to impair ROS production
triggered by flg22.
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Figure 13. flg22-triggered ROS production in NbSEC3A homolog silenced V.
benthamiana expressing RipAO

Flg22-induced ROS burst was measured for 75 min from N. benthamiana leaf disks.
GFP control and AvrPtoB were included as negative and positive control respectively.
(A) kinetic of ROS production following elicitation with flg22. (B) Total ROS
production for 75 min was presented as relative (%) to GFP control. Data shown in
the graph are means = SEM (n=16) from one (A) and three (B) independent

experiments. RLU, relative light unit.
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Figure 14. NbSEC3A expression in silenced N. benthamiana

(A). Semi-q RT-PCR was used to determine the intensity of NbSEC3A4 silencing.
Amplicons obtained with EFl1a and SEC3A primers after 22 and 25 cycles were
resolved on 1.5% agarose gel. The results of 3 independent biological repeats are
shown. (B). Quantification of NbSEC34 relative expression levels shown in (A)
using Imagel software. All the samples were normalized by quantified NbEFIa

shown in (A).
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Reactive oxygen species (ROS) measurement in N. benthamiana silenced for

KIN10 homolog and confirmation of silencing efficiency by semi-
quantitative RT-PCR

Prior to the test the RipAO suppression of flg22-triggered ROS burst, I first
generated 3 types of KINIO silenced N. benthamiana (TRV:KIN10 1-2,
TRV:KIN10 3 and TRV:KIN10 4) with TRV:EV plant for control. To confirm
whether the NbKIN10 homologs were successfully silenced, total RNA was
extracted from the leaf disks used for the ROS measurement (figure 15). Then cDNA
was synthesized and amplified by using housekeeping gene NbEF[a and silencing
gene-specific primers. The band intensity was quantified from the PCR products on
agarose gel using ImageJ software. Each of NbKIN10 homologs in N. benthamiana
was not successfully suppressed in TRV:NbKIN10 1-2, TRV:NbKIN10 3, and
TRV:NDKIN10 4 plants (Figure 15A-C). However, I could confirm that all four
NbDKINI0 genes were partially silenced in TRV:NbKIN10 4 plants in Biol (Figure
15A).

Therefore, I compared the result of the test of RipAO suppression of flg22-
triggered ROS burst in TRV:EV and TRV:KIN10_4 plants in Biol. GFP and AvrPtoB
were used as negative and positive controls respectively. Leaf disks from silenced
plants were harvested at 1dpi and ROS production was measured for 75 minutes after
treatment of flg22. AvrPtoB expressed leaves from both TRV:EV and
TRV:NbKIN10 4 plants showed suppressed flg22-triggered ROS production
(Figure 16). But in GFP expressed leaf from TRV:NbKIN10_4 plant showed reduced
flg22-triggered ROS production compare to GFP expressed leaf from TRV:EV.
Finally, in TRV:NbKIN10 4 plant from Biol, RipAO-YFP did not show reduced
suppression or any other remarkable difference of the flg22-trigger ROS production

48 ;



compare to RipAO-YFP expressed leaf from TRV:EV (Figure 16A-C). This result
may indicate that RipAO does not requires NbKIN10 homologs to suppress flg22-

triggered ROS production or maybe NbKIN10 homologs are not silenced.
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Figure 15. NbKIN10 expression in silenced N. benthamiana

(A). Semi-q-RT-PCR was used to determine the intensity of NbSEC3A4 silencing.
Amplicons obtained with EFla, NbKIN10 1-2, NbKIN10 3, and NbKIN10 4
specific primers after 22, 27, 23, and 27 cycles respectively, were resolved on 1.5%
agarose gel. The results of 3 independent biological repeats are shown. (B).
Quantification of NbKINI0 relative expression levels shown in (A) using Imagel

software. All the samples were normalized by quantified EF/a shown in (A)
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Figure 16. flg22-triggered ROS production in 4 NbKIN10 homolog silenced /V.
benthamiana expressing effector

Flg22-induced ROS burst was measured for 75 min from N. benthamiana leaf disks.
GFP control and AvrPtoB were included as negative and positive control respectively.
(A) kinetic of ROS production following elicitation with flg22. (B). Total ROS
production for 75min was presented as relative (%) to GFP control. Data shown in
(A-B) are means + SEM (n=8) from one independent experiment. RLU, relative

light unit.

" 5 4 2T 8 5



Discussion

Interactions between plant pathogens and their hosts are complicated and dynamic
(Mukhtar et al., 2011). To understand these mechanisms, it is critical to understand
protein-protein interaction between the pathogens and the host plants. One basic
property of proteins is the ability to bind specific targets and/or form a non-covalent
complex with other proteins (Ferro and Trabalzini., 2012). Yeast two-hybrid is an
efficient way to identify and draw an interaction map between effectors from
pathogens and plant proteins. In this study, R. solanacearum effector RipAO was
used as bait in yeast two-hybrid screening to identify its targets and understand how
it contributes to making the host plant a favorable environment for bacterial
colonization. R. solanacearum has a large number of hosts including crops in
Solanaceae family and one of the well-studied model plant 4. thaliana (Genin and
Denny., 2012). Therefore, in order to identify the interactors of RipAQO in the plant,
A. thaliana whole cDNA library was used. Through the Yeast two-hybrid screening,
three interactors in A4. thaliana SEC3A, KIN10, and OXA1 were identified as
candidate interactors. Although three interactors were revealed through the screening,
still there are some limitations. Firstly, the sequence fragments of the cDNA library
are not complete. So RipAO may have more interactors in A. thaliana. It is because
cDNA is synthesized from the 3’ end to 5’ end and usually the synthesis of them is
not complete. Thus, proteins translated from the cDNA might have N-terminal
missing fragments. Therefore, if the RipAO interacts with the domain at the N-
terminal of interactors, screening may not be able to give all the interactors. Second,

the cDNA library used for screening was from P, syringae infected A. thaliana. So,
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it may not give the same result if the screening was performed with R. solanacearum
infected 4. thaliana cDNA library. Even though it may not give a complete protein-
protein interaction map, still it gives clues to understand the mechanism of the
RipAO. Although the yeast two-hybrid screening requires additional experiments
such as co-expression in planta, the initial screening from yeast two-hybrid gives a
lot of benefits to screening many proteins at the same time easily.
SEC3A

SEC3 is one of the exocyst complex components and was first found in the budding
yeast (Terbush et al., 1996; Bushra et al 2019). There are two SEC3 genes in A.
thaliana, SEC3A4 and SEC3B (Chong et al., 2009). However, there are also two types
of SEC3A (AT1G47550.1 and ATIG47550.2) due to alternative splicing
(Arabidopsis.org). While I was cloning the SEC3A cDNA, I could amplify both
forms of SEC3A. Therefore, I cloned both forms of SEC3A into the yeast expression
vector in order to test whether 654™ Valine is affecting the interaction with RipAO.
As a result of the yeast two-hybrid assay, I could observe that both forms of SEC3A
are interacting with RipAO in yeast. This result may indicate that 654™ Valine is not
critical for RipAO in interacting with SEC3A. But it is still unknown about the
functional difference between the two forms of SEC3A.

SEC3 is known to be critical for polarized exocytosis by mediating the
interaction with phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) in the plasma
membrane (Finger et al., 1998; Hutagalung et al., 2009; Zhang et al 2013). Two
domains in SEC3 A, phosphatidylinositol 4,5-bisphosphate (PIP2) domain (50-144aa)
and SEC3_C-terminal domain (224-871aa) are involved in such SEC3A functions.

First, the PIP2 domain is close to N-terminal and is predicted to bind to the inner
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leaflet of the plasma membrane (Bushra et al 2019). Second, the SEC3_C-terminal
domain is close to the C-terminal of SEC3A and is predicted to be involved in
polarized secretion (ebi.ac.uk/interpro/). In order to test which domain of SEC3A is
interacting with RipAQ, I generated truncated SEC3A N-terminal (1-471aa) and
SEC3A C-terminal (471-889aa), respectively. Through the yeast-two hybrid assay, [
could observe that SEC3A C-terminal is interacting with RipAO. This maybe
indicates that RipAO inhibits the polarized secretion of unknown protein(s) in the
vesicle.

In addition, to examine whether SEC3 A is interacting with RipAO in planta,
YFP-tagged SEC3A was co-expressed with FLAG-tagged RipAO in N. benthamiana
leaves. Then the immunoblotting was performed with the total protein extract using
anti-GFP and anti-FLAG antibodies. As a result of this, less SEC3A accumulation
was observed in the presence of RipAO compared with the SEC3A co-expressed
with PopP2-FLAG. This indicates that RipAO may interact with SEC3A in planta
or at least modify SEC3A stability. SEC3A is a landmark protein that is involved in
the recruitment of other exocyst subunits in the cytoplasm (Finger et al., 1998;
Hutagalung et al., 2009; Zhang et al 2013). Maybe RipAO targets SEC3A to inhibit
the recruitment of other exocyst subunits or to interfere with vesicle trafficking.
RipAO may promote the degradation of SEC3A either directly or indirectly. There
are some effectors reported to targets exocyst components. For instance, AvrPtoB of
P. syringae pv. tomato (Pto) strain DC3000 mediates the degradation of exocyst
component EXO70B1 via host 26S proteasome which requires E3 ligase activity
(Wang et al., 2019). EXO70 family is one of the eight subunits of the exocyst

complex and some of them in the EXO70 family are reported to be involved in plant
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immunity (Zarsky et al., 2020). Another effector of Pto DC3000, HopM1 targets
immune-related protein AtMIN7 and mediates degradation by the host’s proteasome
(Nomura et al., 2006). AtMIN7 is localized in the trans-Golgi network/early
endosome (TGN/EE) and has a critical role in PTI and ETI (Nomura et al., 2011).
As RipAO does not have any domains associated with proteasomal degradation, it is
more likely that RipAO mediates the degradation indirectly such as ubiquitination
of target protein by recruiting plant ubiquitin ligase to mediate proteasomal
degradation or by autophagy. Therefore, to confirm whether the degradation of
SEC3A is also mediated in the same manner, proteasome inhibitors such as MG132
and epoxomicin can be used for further study (Nomura et al., 2006; Wang et al.,
2019).

VIGS has been used to provide important new insights into the role of
specific genes in plant development and plant defense responses (Burch-Smith et al.,
2004). Here I examined whether the SEC3A is required for the RipAO function.
RipAO showed suppression of flg22-triggered ROS burst in N. benthamiana (Jeon
et al., 2020). To test whether the interactors are required for RipAO, flg22-triggered
ROS production was measured in two NbSEC34 homologs silenced N. benthamiana.
In both NbBSEC3A silenced plants, flg22-triggered ROS production was not
suppressed or showed decreased suppression by RipAO. Therefore, taken these all
the results, SEC3A is required for RipAO to suppress flg22-triggered ROS burst.
Although all the results showed decreased suppression of total ROS by RipAO in
both NbSEC3A silenced plants, the results from all the biological replicates were
variable. This may be due to SEC34 was not completely silenced but partially

expressed in the plants. In order to confirm whether complete knock-down of SEC34
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affects RipAO function, flg22-triggered ROS production should be measured in 4.
thaliana SEC3A4 knock-out mutant expressing RipAO.
KIN10

KIN10 is one of the SnRK1 (SNF1 related protein kinase) family and is known to
act as a metabolic sensor (Hulsmans et al., 2016). SnRK1 is a protein kinase that is
a putative regulator of sugar metabolism (Szczesny et al., 2010). In this study,
through the yeast-two-hybrid screening, KIN10 was found as a second candidate
interactor of RipAO. KIN10 was co-expressed with RipAO in N. benthamiana leaves
to test whether it is associated with RipAO. Total proteins were extracted and
immunoblotting was performed using two antibodies. As a result of the
immunoblotting, KIN10-YFP was accumulated as much as the positive control LIPS
did. However, the result of co-IP using anti-FLAG antibody-conjugated beads
indicate that RipAO did not interact with KIN10, which is distinct from what it
showed in the yeast two hybrid assay. SNF1-related protein kinase is complex of
three subunits, catalytic o, regulatory B, and y subunits (Ghillebert et al., 2011;
Hulsmans et al., 2016). The subcellular localization of SNF1 protein kinase is
regulated by B subunits and known to localize to nucleus, vacuole and/or cytoplasm
(Vincent et al., 2001). Therefore, KIN10 may not localize to the same region in
planta and in yeast. Therefore, the interaction may not happen in plants. Although
there was no direct interaction between KIN10 and RipAO, RipAO may require
KIN10 for its role. Thus, to test whether KIN10 is required for RipAO suppression
of flg22-triggered ROS production, four NbKINIO homologs silenced N.
benthamiana were generated. Due to the high percentage of identity of four

NbKINI0, three theoretical silencing fragments could be derived. Among 3 types of
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silenced plants, only the plant infected with TRV:NbKIN10 4 could silence the
corresponding gene. This may be caused due to the inefficiency of silencing
fragment for NbKIN10_1-2 and NbKIN10_3 or the fragment may have knock-down
off-targets. Interestingly, all the four NbKIN10 homologs were partially silenced in
TRV:NDKIN10 4 infected plant. This seems to be due to identical 23 bp of the
nucleotide sequence in NbKIN10 4 fragment with the others. Even though the 4
homologs were not fully silenced, likely, four NbKIN10 does not play a role in
RipAO flg22-triggered ROS production. The data did not suggest any relevant result
between RipAO and KIN10 in planta. But RipAO activity maybe requires another
effector activity to be associated with KIN10. SnRK1 is known to be involved in the
activity of two Xanthomonas campestris pv. vesicatoria (Xvc) effectors, AvrBs1, and
AvrBst (Hulsmans et al., 2016). AvrBs1 is recognized by one of the R-protein of
pepper, Bsl, and SnRK1 is required to trigger a hypersensitive response (HR)
(Szczeny et al., 2010). Then, AvrBst can suppress AvrBs1-mediated HR (Szczeny et
al., 2010). Maybe, similar to such a mechanism, RipAO can be involved in or
suppress the other R. solanacearum effector-dependent HR. Moreover, SnRK1 was
reported to interact with and destabilize barley WRKY3 transcription factor (TF) to
enhance resistance to obligate biotrophic fungal pathogen Blumeria graminis f. sp.
hordei (Bgh) (Han et al., 2020). Barley WRKY?3 transcription factor interacts with
WRKY1 and WRKY?2 TFs which are the repressor of PAMP-triggered basal defense
(Shen et al., 2007). Therefore, maybe RipAO interferes with the unknown interaction
between SnRK1 and WRKY TF in 4. thaliana to suppress immune responses.
OXAl

To test whether the third interactor OXA1 is interacting with RipAO, two proteins
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were co-expressed in N. benthamiana leaf. Unfortunately, the OXA1-YFP was not
accumulated enough to be detected by the anti-GFP antibody. This may be because
the total protein extract condition was not optimal for the OXAl due to its
localization. OXAT1 is a chaperone that is involved in protein sorting and folding,
and localizes in mitochondria inner-membrane (Sakamoto et al., 2000). According
to the previous study, RipAO was observed to be localized in the nucleus and vesicles
through the confocal assay (Jeon et al., 2020). Taken these together, it is likely that
RipAO and OXA1 are not localized in the same region of the plant cell. Therefore,

OXAT1 may not be the true interactor of RipAO.

Taken all these together, the compromised accumulation of SEC3A specifically in
presence of RipAO suggests that SEC3A is the suitable interactor to understand
RipAO activity. SEC3A is a landmark component to form an exocyst complex with
other subunits and provides a polarized location of the vesicle. It seems that SEC3A
would provide insight into how effector interferes with the vesicle trafficking for
bacterial pathogens to colonize in the plants. Therefore, maybe the eventual function
of RipAO can be blocking the polarized secretion of antimicrobials in the vesicle

that SEC3A is leading.
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