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Bacteria, one of the most important causative agents of various plant diseases, secrete a set of effector proteins into the host plant cell to subvert
the plant immune system. During infection cytoplasmic effectors are delivered to the host cytosol via a type Il secretion system (T3SS). After
delivery into the plant cell, the effector(s) targets the specific compartment(s) to modulate host cell processes for survival and replication of the
pathogen. Although there has been some research on the subcellular localization of effector proteins in the host cells to understand their function
in pathogenicity by using fluorescent proteins, investigation of the dynamics of effectors directly injected from bacteria has been challenging due
to the incompatibility between the T3SS and fluorescent proteins.

Here, we describe our recent method of an optimized split superfolder green fluorescent protein system (stFPOPT) to visualize the localization

of effectors delivered via the bacterial T3SS in the host cell. The sfGFP11 (1 1" B-strand of sfGFP)-tagged effector secreted through the T3SS
can be assembled with a specific organelle targeted sfGFP1-10°7T (1-10th B-strand of sfGFP) leading to fluorescence emission at the site. This
protocol provides a procedure to visualize the reconstituted sfGFP fluorescence signal with an effector protein from Pseudomonas syringae in a
particular organelle in the Arabidopsis and Nicotiana benthamiana plants.

Video Link

The video component of this article can be found at https://www.jove.com/video/57719/

Introduction

Plants are sessile organisms that encounter numerous invading pathogens including bacteria, fungi, viruses, insects, and nematodes throughout
their life cycle. Among the phytopathogens, the gram-negative bacterial pathogens such as Pseudomonas spp. and Ralstonia spp., infect their
host plants by entering through wounds or natural openings, such as the stomata and hydathode1. To successfully colonize host plants, bacterial
pathogens have evolved to develop a variety of virulence factors®. When bacteria invade a host plant, they inject a series of virulence proteins —
known as effectors — directly into the plant cells to promote their patho%enicity. These effectors suppress or modulate the plant innate immunity,
and manipulate the host cellular processes to result in bacterial survival®.

Pathogenic bacteria mainly use a T3SS to deliver effector proteins directly into host cells*. The T3SS resembles a molecular syringe with a
needle-like channel connecting from a scaffold protein structure across the inner and the outer bacterial membranes to the injection site of the
host cell®. This T3SS-mediated effector (T3E) secretion mechanism is well-conserved in various gram-negative bacterial pathogens of the plant
as well as human. One of the representative plant pathogens, the P. syringae pv. Tomato DC3000 hrcC mutant which typically has a defective
T3SS, has restricted growth in plants likely due to the inability of this mutant to fully suppress the plant immunity (by injecting effector proteins)s.
Upon translocation into the host cells, effectors target various host proteins that are important for the host cell system, including plant defense
responses, gene transcription, cell death, proteasome, vesicle trafficking, and hormone pathways7’8’9’1°. Therefore, tracking of the cellular
localization of the effector proteins in the host cells is an attractive target to understand their functions with respect to modulation of the plant
immunity.

Most of the localization studies of the T3Es have employed Agrobacterium-mediated overexpression with a large fluorescence protein in the
host plantg. However, the heterologous expression method for genes that are introduced in other species has been shown to be mis-localized or
occasionally non-functional'""?". In addition, several studies revealed that bacterial effectors undergo modification for proper targeting in the
host cells'* %1817, Therefore, transiently expressed effectors in the cytosol of the plant cells may not be functionally or quantitatively identical to
the effectors which are delivered by the T3SS upon Pathogen infection®. Moreover, the fusion of large fluorescent tags to effector proteins may
disrupt the proper effector delivery and visualization 819 Therefore, these approaches to assay the T3E function may not fully reflect the native
localization of the T3SS-secreted effectors.
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A green fluorescent protein (GFP) is composed of an 11-stranded B-barrel enclosing a central strand that includes a chromophore®. Waldo et

al. reported a novel split-GFP system that consists of a small component (GFP f strand 11; GFP11) and a large complementary fragment (GFP
B strand 1-10; GFP1-10)21. The fragments do not fluoresce by themselves but fluoresce upon their self-association when both fragments are in
close proximity with each other. For the optimization of the protein folding efficiency, robust folding variants of the GFP, i.e., sfGFP and SfGFPO,
were subse%uently developed for the split GFP system2°’21'22. Recently, single amino acid mutated variants of sfGFP1-10°"T- sfYFP1-10°"T and
sfCFP1-10°"- that can reconstitute with a SFGFP11 fragment, and show yellow and cyan fluorescence respectively, were generated%. Moreover,
sfCherry, a derivative of mCherry, can be split into sfCherry1-10 and sfCherry11 fragments in the same manner as SfGFPZ.

This system has been adapted to label and track the T3SS effectors in HelLa cells during infection using the effectors from Salmonella®.
However, it was previously not optimized for the host plant-bacterial pathogen system. Recently, we optimized the split GFP system based

on the improved sfGFP1-10°FT to monitor the subcellular localization of the T3Es delivered from P. syringae into plant cells®. To facilitate the
localization studies of the T3Es to different subcellular compartments in the plant cells, a set of transgenic Arabidopsis thaliana plants were
generated to express sfGFP1-1 0°"T in the various subcellular compartmentszs. Moreover, the plasmids carrying a variety of organelle-targeted
sfGFP1-10°7" for the Agrobacterium-mediated transient overexpression and the sfGFP11-tagged vectors for the T3SS-based effector delivery
were also generated. The seeds of various trans7genic Arabidopsis lines and the plasmids to express the T3Es of interest can be obtained from
sources mentioned in the Table of Materials?®?’.

In the following protocol, we describe an optimized system to monitor the dynamics of effectors delivered by bacteria in the host cells using the
split sfGFP system. Infection of plants expressing sfGFP1-10°7T with transgenic Pseudomonas carrying recombinant sfGFP11 plasmid results in
a delivery of the sfGFP11-tagged effector from Pseudomonas into the host cell. Consequently, these proteins are reconstituted and translocate
to the specific effector target compartment(s). The Pseudomonas syringae pv. tomato CUCPB5500 strain in which 18 effectors are deleted,

was used because this strain showed low or no cell death in both A. thaliana and N. benthamianas®. However, all of the materials and steps
described here can be replaced or modified to adapt the split sSfGFP system for investigation of other biological questions or optimization in the
given laboratory conditions.

Note: All steps are performed at room temperature, unless stated otherwise.

1. Preparation of Plant Materials (4 Weeks)

1. Preparation for the N. benthamiana plants

1. Sow 2 seeds of N. benthamiana on the soil surface of each pot, cover the tray with a plastic dome, and allow seeds to germinate in a
25 °C, 60% humidity growth chamber with a 16/8-h light/dark photoperiod cycle.

2. After two weeks, pick out and discard the smallest seedling in each pot and continue to grow plants under the same growth conditions
as applied for the germination in step 1.1.1. Add 1 L of water per tray every two days.
Note: The growth conditions for plants may vary across labs. Therefore, follow the regular watering protocol to grow the plant in a
healthy condition.

3. In a week, transfer the plants to a new tray and arrange them with adequate space for further growth. Keep growing the plants under
the conditions described in step 1.1.1 until they are ready to be infiltrated at 4 weeks of age.
Note: Plant growth may differ depending on the growth condition across labs. Usually, we find that the 4-week-old N. benthamiana
plants bear about six leaves.

2. Preparation for A. thaliana transgenic plants

1. Refer to the Table of Materials and order the transgenic Arabidopsis seeds.

2. Soak ~50 - 100 transgenic Arabidopsis seeds in 1 mL of distilled water and store them at 4 °C for 3 days in the dark to synchronize the
onset of germination.

3. Sow ~2 - 3 seeds on the soil surface of a plug plant tray and cover the tray with a plastic dome. Allow seeds to germinate at 23 °C,
60% humidity with a 10/14-h light/dark photoperiod cycle.
Note: The seeds should be homozygotes. However, we recommend reconfirming the presence of the transgene in the batch. In this
case, sterilize the seeds by washing with 70% ethanol for 2 min, 50% bleach (about 2% hypochlorite) containing 0.05% triton X-100 for
5 min. Follow by washing 5 - 6 times with sterile double distilled water (ddH,0). After sterilization, stratify at 4 °C for 3 days and plate
them on plant germination media containing 25 pg/L of hygromycin B to select the transgenic plants.

4. After a week, leave only one plant per plug and continue growing plants under the same growth conditions used for step 1.2.3.
Note: Four-week-old plants were used for the P. syringae infection. Water plants every other day to keep plants healthy.

2. Preparation of Pseudomonas Culture (~1 Week)

1. Construction of the plasmid for Pseudomonas transformation
1. Refer to the Table of Materials and order the desired vector(s) of the T3SS-based effector delivery system vector®.
2. Insert the effector gene of interest into the effector delivery vector using site-specific recombination cloningzs.
Note: When monitoring subcellular localization of full-length effector protein, put the full-length gene into pBK-GW-1-2 or pBG-GW-1-2.
It is also possible to choose pBK-GW-1-4 or pBG-GW-1-4 containing 2x sfGFP11 for increased fluorescence signal. In the case of
a partial effector lacking signal peptide, use pBK-GW-2-2 or pBK-GW-2-4. Refer to Park et al. for detailed information about effector
delivery vectors®.
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2. Transform the plasmid carrying an effector fused to the sfGFP11 tag to P. syringae pv. Tomato (Pst) CUCPB5500 using standard
electroporationzg.
Note: Other Pseudomonas strains can be used if necessary. The sfGFP11 tag system is constructed for a broad range of vectors®® and the
gene expression of the effector is regulated by the AvrRpm1 promoter, which is comparable with, e.g., Pseudomonas fluorescens (EthAn)31.

3. Spread the transformed bacterial cells gently over the surface of the King’s B agar plates containing 100 ug/mL rifampicin and 25 pg/mL
kanamycin or 25 pg/mL gentamycin. Incubate at 28 °C for 2 days.

4. Inoculate one colony into King’s B liquid media with antibiotics appropriate for the vector used, and grow the cells overnight at 28 °C with
shaking at 200 rpm.

5. Make a glycerol stock. Add autoclaved glycerol to a final concentration of 50% and store at -80 °C.

3. Transient Expression of Organelle-targeted sfGFP1-1 0°"Tin N. benthamiana (4 Days)

1. Preparation of Agrobacterium culture

1. Order the desired vector(s) of organelle-targeted sfGFP1-10~" ' plasmid(s) (refer to the Table of Materials).

2. Transform the plasmid(s) into Agrobacterium tumefaciens strain GV3101 cells®. Grow the cells on Luria-Bertani (LB) agar medium
supplemented with 50 ug/mL kanamycin and 50 pug/mL rifampicin at 28 °C for 2 days.

3. From a single colony on the LB agar medium, inoculate the cells into 5 mL of liquid LB media supplemented with 50 pg/mL kanamycin
and 50 pg/mL rifampicin. Grow the cells overnight at 28 °C with shaking at 200 rpm.

4. Harvest the cells by centrifugation at 3,000 x g for 10 min. Pour off the supernatant media and resuspend the pellet in 1 mL of freshly
made infiltration buffer.

5. Measure the quantity of Agrobacterium by obtaining the optical density (OD) value at an absorbance of 600 nm (Abs 600 nm). Adjust
the ODgqq of the bacteria to 0.5 with infiltration buffer.

Note: 1 mL of suspension is enough to infiltrate on two spots.

6. Leave the culture at room temperature on a gentle rocker for 1 - 5 h before infiltration.

7. Poke a hole into the center of the leaves to be infiltrated with a 10 pL tip. Use a 1-mL needleless syringe to infiltrate the Agrobacterium
suspensions. Carefully and slowly inject about 500 uL of the suspensions prepared from step 3.1.5 into the leaf adaxial side via the
syringe. Repeat the infiltration on at least three different plants for experimental replicates.

Note: For health and safety reasons, eye protection should be worn during infiltration.
8. Wipe off the remaining bacterial suspension on the leaves and mark the boundary of the infiltrated region.
9. Keep the infiltrated plants under the same growth conditions used for step 1.1.1 for 2 days.

OPT

4. Inoculation of Pseudomonas (4 Days)

1. Streak the transformed Pseudomonas strain from the glycerol stock in step 2.5 on King’s B agar media with the appropriate antibiotics at 28
°C for 2 days.

Note: The health of Pseudomonas is very critical. If colonies do not form well, streak the cells again or propagate the cells in the King’s liquid
media prior to proceeding.

2. Inoculate a loopful of Pseudomonas cells in Mannitol-Glutamate (MG) liquid media at 28 °C with shaking at 200 rpm for overnight.

3. Harvest the cells by centrifugation at 3,000 x g for 10 min. Pour off the supernatant media, resuspend the pellet in 10 mM MgCl,, and adjust
the ODgqg to 0.02 (1 x 10’ cfu/mL) for N. benthamiana leaves and to 0.002 (1 x 10° cfu/mL) for Arabidopsis leaves.

4. For the N. benthamiana, infiltrate the Pseudomonas suspension into the area of the leaves where the Agrobacterium carrying sfGFP1-10
construct was infiltrated 2 days previously (as in step 3.1.7). For the sfGFP1-10°7" transgenic Arabidopsis, infiltrate the Pseudomonas
suspension into two 4-week-old short day-grown leaves.

Note: At least three plants are needed for experimental replicates.

OPT

5. Observation of sfGFP Signal via Confocal Microscopy (1 Day)

1. Cut out the leaf disc from the Pseudomonas-inoculated leaves. At specific time points after infiltration of Pseudomonas, image two 2-cm? leaf
discs from the single plant using a laser scanning confocal system with 40X/1.2 NA C-Apochromat water immersion objective or 63X/0.8 NA
C-Apochromat oil immersion objective. To avoid dead cells killed by wounding, observe the cells away from the infiltration hole.

2. Start the observation at a low power setting of the 488-nm argon laser. Increase the laser power to detect sfGFP.

Note: We usually use 2 - 15% of the laser intensity to detect the fluorescence signal. However, the laser power and detection setting should
be adjusted based upon the user’s microscopy system. Here, the emission filters were set to 520 - 550 nm. The dead cells often emit auto-
fluorescence under the 488-nm laser excitation. Therefore, as a negative control, the same effector without the sfGFP11 tag should be
infiltrated and observed under the same observation conditions. In addition, high laser excitation can induce chlorophyll autofluorescence.
Therefore, adjust the laser intensity using the control plant cells so as not to induce chlorophyll autofluorescence.
1. For a counterstaining of the cell wall, infiltrate 20 mM propidium iodide (PI) into the leaf disc at 5 - 10 min prior to observation.
2. For the nucleus staining, submerge the leaf discs into 0.1% paraformaldehyde for 5 min followed by washing with water. Then, infiltrate
the 10 mM Pl into the leaf disc at 5 - 10 min before microscopic observation. Repeat the experiments at least three times.
Note: This step is not critical but helpful to define the effector localization at the plasma membrane or the nucleus. If the effectors of
interest showed their localization in a specific organelle, use a marker for the given organelle to confirm the localization of the effector.
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Representative Results

The B-barrel structure of GFP is composed of eleven 3 strands and can be divided into two fragments, the 1 - 10" strand (GFP1-1OOPT) and
the 11" (GFP11) strand. Although neither of two fragments fluorescent by themselves, self-assembled sfGFP can emit the fluorescence when
the two fragments exist in close proximity (Figure 1A). In this system, stFP1-1OOPT-expressing Arabidopsis or N. benthamiana plants are
inoculated with Pseudomonas carrying a sfGFP11 tagged effector. The sfGFP11 tagged effector delivered by Pseudomonas into the cytosol of
the host cell is reconstituted to the sfGFP1-10°7" expressed in the cytosol and then together translocate into the target compartment (Figure
1B). Figure 2 represents the overall procedure, from the preparation of the plant materials and Pst to the detection of the fluorescence signal in
the plant cell.

As an example of our method, we used the P. syringae effector protein, AvrB, which is delivered into the host plant cells thorough the T3SS
during infection. In Arabidopsis, AvrB is recognized by a corresponding resistance protein, RPM1, and triggers immune responses including
hypersensitive cell death®. In the previous study, the GFP reporter assay and the biochemical assay revealed that AvrB and RPM1 are localized
in the plasma membrane of the plant cell®*3*% To examine the localization of AvrB using our method, Agrobacterium harboring the CYTO
sfGFP1-10°7T gene was infiltrated in N. benthamiana. In two days, AvrB-sfGFP11-transformed Pseudomonas cells were inoculated into the
Agrobacterium-infiltrated region. The complemented sfGFP fluorescence signals were observed in the Pst CUCPB5500 containing AvrB-
sfGFP11 at the plasma membrane (Figure 3B). In contrast, no signals were found in the infected cell by Pst carrying native AvrB (Figure 3A).
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Figure 1. The optimized split GFP system. (A) The B-barrel structure of GFP is made of eleven B-strands and can be split into the 1-10"
B-strand (GFP1-10) and the 11" B-strand (GFP11). (B) In this method, the sfGFP1-10°F" fragments were expressed in plant cells, while the
sfGFP11 strand was fused to AvrB and transformed into Pseudomonas. Only plants cell infected by Pseudomonas containing sfGFP11 will show
the sfGFP fluorescence (where the effector localizes). Please click here to view a larger version of this figure.
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Figure 2. Overview of the procedure. The transgenic Arabidopsis or the sfGFP1-10

OPT

-infiltrated N. benthamiana plant are infected with Pst

CUCPB5500 carrying a sfGFP11-tagged effector through syringe infiltration. The fluorescence of the assembled sfGFP can be detected via a
confocal microscopy system at the site of the effector localization. Please click here to view a larger version of this figure.
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Figure 3. AvrB-sfGFP detection on N. benthamiana leaves 3 h after infection. The Pst CUCPB5500 harboring a sfGFP11-tagged AvrB gene
was infiltrated on the 5™ or 6™ leaf of N. benthamiana, which was infiltrated by A%robacterium carrying the sfGFP1-10°7T 2 days previously. The
cell wall was stained by propidium iodide. While the cells expressing sfGFP1-10 PT with AvrB-only do not show any fluorescence signal (A). The
GFP signals (yellow arrow) were observed at the infected cells by the Pst containing AvrB-sfGFP11 gene at 3 h post-infiltration (B). This result
represents that only AvrB-sfGFP11, not AvrB, is reconstituted with sfGFP1-10°7T at the cytosol and then the assembled sfGFP is translocated to
the plasma membrane. Magenta pseudo color represents the cell wall and chlorophyll autofluorescence. Green represents the assembled sfGFP
fluorescence. Scale bars = 40 uym. Please click here to view a larger version of this figure.

The protocol described here is used for monitoring the accurate localization of the effector proteins injected by the bacterial T3SS into the host
plant cell upon infection. Previously, the split GFP system was used as a tool to study the subcellular localization of mammalian proteins ‘36,
Salmonella T3E localization, and Agrobacterium VirE2 delivery through the T4SS into the plant cells¥. To apply this system in the plant cells,
previous studies used a transgenic maize plant that constitutively expresses the cytoplasmic GFP1-10 and transgenic fungi, Ustilago maydis,
that expresses the GFP11-tagged effector protein. However, the maize-U. maydis system has not been successful because the expression
levels of the translocated effector proteins were weak and high level of background autofluorescence impeded the detection of the reconstituted
GFP signaIBB. To remedy this problem, we used a sfGFP1-10 variant, stFP1-1OOPT, that significantly improves the solubility and fluorescence
intensity” .

Despite the advantages of the split sSfGFP system, there are some limitations to the study of the effector localization and dynamics. First, the
observed reconstituted sfGFP fluorescent signal is relatively weak. This could be due to a small amount of effector molecules delivered directly
from P. syringae. This weak signal could be improved by using the multimerizing sfGFP11 tag. The vectors carrying 2x sfGFP11 tag are also
available from the sources listed in the Table of Materials. Second, the cytosolic sfGFP1-10 OPT failed to be reconstituted with SFGFP11 targeted
to Golgi, ER, and plastid®. Co-expression of mitochondria-targeted sfGFP11 and cytosolic sfGFP1-10°7" resulted in mislocalization of the
re-constituted sfGFP to the cytosol and nucleus®®. Therefore, localization of the effector of interest should be re-validated by applying the
appropriate organelle-targeted sfGFP1-10°"T. When any GFP signal is not detected in the infected cells expressing cytosolic sfGFP1-10°7,

we recommend using N. benth expressing Golgi, ER, and plastid targeted sfGFP1-10°"T or using the corresponding organelle targeted
sfGFP1-10°7" transgenic Arabidopsis®.

This method demonstrated the use of the split fluorescent protein system as a useful tool to examine the temporal and spatial dynamics of
effectors in host plantszs. Future research will focus on the advances in single-molecule imaging, which may enable detailed studies of the
dynamics of plasma membrane-localized effectors. Furthermore, a secretion assay using a bacterial system may be useful alternative to study
localization of fungal effectors; it prevents the aggregation of effectors and high autofluorescence at the fungal penetration site.

It should be noted that there are some key points in this method. Firstly, both plant materials and bacteria should be healthy and fresh. To ensure
visualization of the effector signal, both the sfGFP1-10°7T from plants and the sfGFP11 from Pseudomonas should be strongly expressed.
Therefore, it is important to grow plants under the optimal growth conditions and protect them from environmental stressors, such as pests.

We also recommend that all bacteria used for infiltration be taken from the 2 day-grown cells upon the agar plates and not from glycerol

stocks. Secondly, in the case of transient expression in N. benthamiana, the length of time required for the maturation of the organelle-targeted
sfGFP1-10°7T might vary for each organelle marker protein. For example, maturation of PM-sfGFP1-10°FT requires more than 48 h after
infiltration. Lastly, the time point and the expression levels of the reconstituted sfGFP signals depend upon the type of effector proteins that are
required to optimize some experimental conditions.
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