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Abstract
We developed a protocol for _in planta_ gene expression analyses in sliced rice sheath cells by modifying
and optimizing biolistic particle bombardment techniques. By obtaining thin sections \(400 um) of rice
sheath cells, auto-fluorescence tissues from chlorophyll were eliminated. This system was validated
through the localization of marker genes specifically expressed in nuclei, plasma membranes, and
vacuolar membranes. Additionally, high transformation efficiencies of approximately 30% were achieved.
Therefore, this protocol provides a new and rapid method for transient gene expression assays in rice.
Protein secretion was examined in rice sheath cells using predicted secretory proteins from rice blast
fungus, indicating that this method is practical for host plant-microbe interaction studies. The transient
expression protocol established here is well suited for protein localization, secretion, and host-pathogen
protein interaction studies in rice. A typical experiment can be completed in 3 days.

Introduction
Rice is a vital food source, providing nourishment for more than 50% of the world's population. However,
this crop plant, like other cultivated plants, is vulnerable to adverse environmental factors such as abiotic
and biotic stresses that occasionally and severely affect rice production and yield. When rice is stressed,
self-defense mechanisms, including expression of genes, proteins, and metabolites used to lessen the
effects of the particular stress, are activated. Among these molecular responses, proteins constitute a
critical and functional line of defense toward protecting rice plant growth and development. The role of
these proteins, including proteins secreted into the extracellular environment, is of great interest to
biologists focused on understanding stress responses. In this context, transient protein expression is a
useful technique for investigating protein localization and functional analysis of stress responses in rice
plants. Currently, the most widely-used _in planta_ transient protein expression techniques use three
different methods, including _Agrobacterium_-mediated transformation, protoplast transformation using
polyethylene glycol \(PEG) or electroporation, and biolistic bombardment expression 1-5.
_Agrobacterium_-mediated transformation has been well established using various rice tissues, such as
shoot apex, embryonic callus, and scutellum tissue2,3. However, the production of transgenic plants takes
approximately 3 to 4 months, a significant amount of time in the fast-paced research environment. In the
case of PEG or electroporation-mediated transformation, protoplast tissues have been widely used5. This
method is advantageous in that it is rapid. However, the loss of cell wall structure makes it difficult to
detect proteins accumulating outside of the membrane. For this reason, a new biolistic bombardment
method was established in which high-pressure gas is used to deliver foreign DNA into cells. Biolistic
bombardment is a time-honored technique that has been used with many plants, and provides an
efficient method for subcellular localization, cell-to-cell movement, and protein-protein interaction
studies6-9. However, biolistic bombardment is not well suited for rice, as the leaf epidermis consists of
irregular cell layers and produces strong auto-fluorescence10. Nevertheless, biolistic bombardment has
been used for generating transgenic plants and for confirming protein secretion, but it has not been used
for transient protein expression studies to date7-9. We developed a protocol that uses biolistic
Page 2/11

bombardment to analyze gene expression and subcellular localization in rice. Evenly-sliced leaf sheath
tissue, a clear cell structure with little auto-fluorescence, was used for the biolistic bombardment assay.
Expression efficiencies of nearly 30%, which were similar to levels in previously-published Arabidopsis
and rice callus systems6,11, were observed using a mCherry reporter gene expressed under the maize
ubiquitin promoter. Our protocol provides a rapid and efficient way to analyze expression and subcellular
localization of proteins of interest in rice cells. This biolistic bombardment protocol is also an appropriate
tool for analyzing protein secretion. Protein secretion is an important mechanism for plant growth and
regulation under normal and abnormal \(abiotic and biotic stress) environmental conditions12-17. For
example, during the very early time periods of host-pathogen interactions when penetration by the invader
occurs, both the host and the pathogen secrete large amounts of proteins into the host’s apoplastic
region, a space between the cell wall and the plasma membrane18-22. The secreted proteins from the host
and pathogen interact with each other in this apoplastic region23. Thus, the analysis of protein secretion
and protein interactions between the host and pathogen proteins in the extracellular space is critical to
understanding plant-pathogen interactions. To study the functions of pathogen-secreted effectors,
transgenic _Magnaporthe oryzae_ \(rice blast fungus) mutants carrying target genes fused with
fluorescent reporters have been generated and expressed _in planta_21,24,25. However, functional analysis
of secreted effectors is difficult due to the low-efficiency and time-consuming process of fungal mutant
generation. Therefore, the application of transient expression is sufficient for the study on plant-microbe
interaction. In our study, secreted proteins were analyzed in rice leaf sheaths using florescent reporters.
Proteins localized outside the membrane were strongly expressed, suggesting that our protocol is suitable
for _in planta_ secretion analyses in rice. Effector proteins fused with fluorescent reporters were directly
expressed in host cells. The interactions between host and pathogen proteins were observed within 24-48
h after bombardment. Therefore, our protocol provides a direct _in planta_ expression method for rice that
reduces the number of steps necessary for fungal mutant generation for analyzing the fungal secretome.
A successful activation of defense reporter has been reported after transient expression of _M. oryzae_
secretory proteins in rice sheath cells, suggesting this protocol makes possible large screens of pathogen
effectors in rice26,27. To demonstrate the further utility and specificity of our approach, we compared the
localization of the secreted proteins in rice with their localization in commonly studied onion epidermis.
Differential expression of the two proteins in the rice and onion systems suggested that protein secretion
mechanisms vary between host and non-host plants. Therefore, setting up a rice transient expression
system is essential for _in planta_ functional analyses in rice. **Advantages and limitations of the
protocol** This protocol can be widely applied for protein expression, subcellular localization, and
protein-protein interaction analyses. Rice transient expression is also a valuable tool for rice-pathogen
interaction research. Furthermore, this protocol can be adapted for transient gene expression in other
monocotyledon plants with minor modifications for sheath preparation, particle delivery pressure, or
incubation times for signal detection. This protocol clearly describes a rapid method for developing rice
_in planta_ transient expression and protein secretion. However, a few disadvantages still remain in the
protocol. Setting up a biolistic particle delivery system and confocal fluorescent microscopy can be
costly. As with other techniques for the study of rice, nearly 5 weeks is required to grow the rice for sheath
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sample preparation prior to the experiment. As preparation of the sheaths and sectioning can be difficult,
practice is required. **Experimental design** The following points should be considered before beginning
an experiment. **Selection of microcarrier.** Tungsten M-17 particles \(1.1 μm) were used for gene
delivery in our protocol rather than gold particles. Tungsten particles are approximately the same size as
gold particles, but the surfaces are a bit rougher compared with that of gold particles. Even so, tungsten
particles still showed high delivery efficiencies in our experiments with reduced experimental cost. **Rice
and sheath preparation.** Rice plants at the four- to six-leaf stage were grown in a greenhouse and used
for sheath preparation. At this stage, the sheath tissue has less lignifications, but a sufficient thickness
for slicing. Furthermore, biochemical activities are functional to express genes transformed at this age.
**Set of controls.** A positive control to confirm the efficiency of transient expression should always be
included in the experimental design. Fluorescent reporter genes under a constitutively-expressing
promoter can be used for the protein subcellular localization analyses, and any rice signal peptides, such
as glucanase, can be used as protein-secretion controls. Transgenic plants carrying GFP or YFP reporters
can be used as positive controls in which the target protein and mCherry reporters could be co-expressed.

Reagents
Calcium chloride dihydrate \(Sigma-Aldrich, cat. no. C3881) Spermidine \(Sigma, cat. no. S0266)
Murashige & Skoog \(MS) medium, basal salt mixture \(Duchefa Biochemie, cat. no. P04427.04) Sucrose
\(Sigma, cat. no. S0389) Phytagel, plant cell culture tested \(Sigma, cat. no. P8169) Ethyl alcohol \
(Burdich & Jackson, cat. no. RP090-1) Tungsten M-17 Microcarrier \(Bio-Rad, cat. no. 165-2267) Sterile
nuclease-free water \(Amresco, cat. no. E476-100ML) Sodium hypochlorite \(Junsei Chemical, cat. no.
8F4040)

Equipment
Biolistic PDS-1000/He particle delivery system \(Bio-Rad, cat. no. 165-2257) Macrocarrier holder \(BioRad, cat. no. 165-2322); Rupture disks, 1100 psi \(Bio-Rad, cat. no. 165-2329) Macrocarrier disk \(Bio-Rad,
cat. no. 165-2335) Stopping screens \(Bio-Rad, cat. no. 165-2336) Microscope cover glasses \(20-40 mm)
\(Marienfeld, cat. no. 0101122) Pre-cleaned microscope slides \(Chase Scientific Glass, cat. no. 631-50)
Light microscope \(Olympus Co. Ltd., SZX12) Confocal laser scanning microscope \(Olympus Co. Ltd.,
OLS1100) Grade No. 2 filter paper \(Whatman, cat. no. 1002-042) DNA-spinTM plasmid DNA purification
kit \(iNtRON, cat. no. 17093) **REAGENT SETUP** **3% Sodium hypochlorite** Make fresh 3% \(wt/v)
sodium hypochlorite before use in washes. **2.5 M CaCl 2 solution** The 2.5 M CaCl2 stock solution can
be stored at 4°C for up to 1 month. For long-term storage, aliquot and store at -20°C. **0.1 M spermidine
solution** The 0.1 M spermidine stock solution can be stored at 4°C for up to 2 weeks. For long-term
storage, aliquot and store at -20°C for 1 year. **Half-strength MS medium plates** Dissolve 4.4 g MS
medium, 30 g sucrose, and 1 g Phytagel in 1 L of deionized water, and adjust to pH 5.8 with 1 N NaOH.
Pour medium supplemented with 50 µg/ml carbenicillin into Petri dishes and dry on a clean bench. Plates
should be made fresh before each experiment. **Plasmid DNA preparation** Purify and quantify the
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plasmid DNA to be used for transfection. Here, plasmid DNA from _E. coli_ cells was extracted with a
DNA-spinTM plasmid DNA purification kit. The plasmid DNA concentration was measured with a
spectrophotometer. **EQUIPMENT SETUP** **Sheath section blade** A razor blade was cut in half, and
then re-combined with small pieces of grade No. 2 filter paper fixed with tape between the blades at both
edges \(Fig. 1c). The distance between the two blades was approximately 400 μm, which was measured
by light microscopy \(Fig. 1c bottom). This double-layered blade was used for sectioning the sheath.
▲Critical step Section blade construction is important for sheath section quality. Blades must be securely
fixed and placed in parallel. Be sure to use only new blades.

Procedure
**Rice plant growth ● TIMING 5-7 weeks** **1|** Sterilize de-hulled rice seeds \(Oryza sativa L. cv.
Dongjin) in 70% \(v/v) ethanol for 5 min, wash once with sterile water, once in 3% \(wt/v) sodium
hypochlorite for 20 min, and three times with sterile water. Imbibe sterilized seeds under dark conditions
at 4°C for 1 day, then grow seeds on 1% \(wt/v) Phytagel® in a 28°C chamber \(16 h light per day).
Transplant 1-week-old seedlings into field soil and allow for growth up to the 4-6 leaf stage. **▲Critical
step** The quality of leaf sheaths strongly influences the experimental results. Ensure healthy plant
growth. **Preparation of tungsten M-17 particles ● TIMING 30 min \(prior to bombardment)** **2|**
Wash 60 mg of tungsten particles with 1 ml of 95% \(v/v) ethanol by vortexing for 5 min and incubating
at room temperature for 15 min. Collect the particles with a quick spin for 10 sec at 14,000×g and remove
supernatant by pipetting. Wash the particulate pellet three times with 1 ml of nuclease-free water by
vortexing followed by a quick spin. Add 1 ml of nuclease-free water and aliquot 100 μl volumes into
microfuge tubes. **■ PAUSE POINT** Prepared particles can be stored at -20°C for up to 6 months.
**Preparation of bombardment disks ● TIMING 3 h \(prior to bombardment)** **3|** Immerse
macrocarrier holder, rupture disks, macrocarrier disk, and stopping screens in 100% ethanol for 2 h to
prevent contamination. Air-dry on a clean bench for 30 min and place the macrocarrier disk into the
macrocarrier holder using tweezers. **? TROUBLESHOOTING** **Preparation of leaf sheaths for
bombardment ● TIMING 3 h** **4|** Cut the leaf sheaths and stems from 4-6-leaf stage rice plants \(Fig.
1a). Cut the leaf sheath near the flag leaf auricle to a length of 2-3 cm, using a razor blade on a slide \
(Fig. 1b). Softly catch the side of the sheath and slice the sheath in parallel with the sheath section blade
\(Fig. 1c). The distance between the two blades should be 0.3-0.5 mm \(Fig. 1d). Select leaf sheaths with
smooth surfaces and trim \(Fig. 1e). Hold the sheath by its edges with tweezers and slowly place it on to
a half-strength MS plate. **▲Critical step** The quality of the leaf sheaths is essential for optimal sheath
sectioning. Leaf sheaths with limited lignification and sufficient thickness are best suited for this
technique \(Fig. 1b). The slicing process will strongly influence the subsequent bombardment and
microscopic detection. Smooth sections give the best results. **? TROUBLESHOOTING** **5|** Gently
place 6-8 sliced sheaths onto the medium of a half-strength MS plate and incubate at 28°C for 1-2 h in
the dark. **? TROUBLESHOOTING** **Preparation of DNA-coated microcarriers ● TIMING 20 min**
**6|** Vortex the microcarriers for 10 min to disrupt agglomeration. Transfer 20 μl of the suspended
microcarriers into a new microfuge tube. **7|** Add to the 20 μl of tungsten microcarriers, in this order: 2
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μg of plasmid DNA \(1 μg/μl), 20 μl of 2.5 M CaCl2, and 8 μl of 0.1 M spermidine. Vortex for 2 min. **8|**
Centrifuge the samples at 14,000×g for 10 sec and discard the supernatant. **9|** Without suspending
the pellet, gently wash the pellet with 250 μl and 100 μl of 95% ethanol in series. Suspend the pellet in 20
μl 95% ethanol, transfer to the center of the macrocarrier, and air dry. **? TROUBLESHOOTING** **Microbombardment ● TIMING 10 min** **10|** Set up the bombardment equipment as per the manufacturer’s
instructions and bombard the sheaths at 1,100 psi. **11|** Incubate the bombarded sheaths at 28°C for
1-2 days under darkness until expression of the delivered transgene is confirmed. **?
TROUBLESHOOTING** **Fluorescent microscopic identification of the expressed gene ● TIMING 1-2 h**
**12|** Mount a sheath in a drop of sterile, distilled water on a glass slide and cover with a cover glass.
For mCherry signals, images can be generated using a laser scanning microscope with an excitation
wavelength of 543 nm and the signal \(emitted fluorescence) can be measured at 587-625 nm.

Timing
Step 1: Plant growth: 5-7 weeks. Steps 2-11: Particle preparation, leaf sheath sectioning, and microbombardment: 6 h \(day 1). Step 12: Fluorescent signal detection by microscopy: 1-2 h \(days 2 and/or
3).

Anticipated Results
This transient expression protocol for rice sheaths is similar to those for other plants. However, the
conditions used for gene delivery and sheath preparation strongly affect the delivery efficiency. The
optimum pressure for the biolistic bombardment was confirmed using various rupture disks with 650,
900, and 1,100 psi, followed by incubation at 28°C in a dark chamber for 24 and 48 h after bombardment
\(hab). Equal amounts \(2 μg) of DNA and macrocarriers were bombarded onto the sheaths with different
delivery pressures. The efficiencies of mCherry signal expression are summarized in Table 2. Few signals
were detected at delivery pressures of 650 and 900 psi, suggesting that these pressures are not suitable
for gene delivery into rice epidermis. Average expression efficiencies of 10.8% and 31.3% were detected at
1,100 psi on sheaths with mCherry signals at 24 and 48 hab, respectively. Our transient expression
protocol resulted in similar transient gene expression efficiencies, as did previous studies in _Arabidopsis_
and rice callus6,11. These data indicated that 1100 psi is the optimum DNA delivery pressure for rice
sheath cells and that mCherry expression is higher after 48 hab than after 24 hab \(Fig. S1). The
subcellular localization of marker proteins from Arabidopsis has been performed in rice leaf sheaths. The
mCherry signals from mCherry-fused nuclear localization signals \(NLS), H+-ATPase, and ACA11 were
specifically detected in nuclei, plasma membranes, and vacuole membranes, respectively, by fluorescent
microscopy, correlating with previous reports on Arabidopsis protein localization26-31. Protein secretion
was examined using the mCherry reporter fused with or without the signal peptide \(SP) from the rice
glucanase1 gene \(OsGlu1). The OsGlu1 SP predicted by the SignalP 3.0 program \
(http://www.cbs.dtu.dk/services/SignalP/) consists of 20 amino acids \(Table S1). mCherry fused genes
were constructed under a maize ubiquitin \(_ZmUbi_) promoter region that drives high–level, constitutive
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protein expression in rice \(Fig. 2a) 31,32. mCherry without the SP was detected in the whole cell at 48 hab
\(Fig. 2b top). However, when mCherry was fused with the SP, it was detected as a secreted protein
outside the membrane \(Fig. 2b bottom). These data highlight the fact that the rice biolistic
bombardment protocol presented here is appropriate for _in planta _subcellular localization and protein
secretion analyses in rice. To investigate whether this _in planta_ secretion technique is able to confirm
host-pathogen interactions, genes from _M. oryzae_, were selected for in-host secretion analysis. All of
these proteins contained a signal peptide at the N-terminal region that was predicted by the SignalP 3.0
program \(Table S1). Four M. oryzae genes \(MGG_02340, MGG_06834, MGG_06843, and MGG_08331)
with their predicted SPs were cloned, fused with the mCherry reporter, and constructed to be under the
control of the _ZmUbi_ promoter \(Fig. 3a). The _in planta_ secretion of these proteins was performed in
rice leaf sheaths, and all proteins accumulated in the apoplastic region at high levels. These proteins
were also secreted into neighboring cells, indicating that pathogen SPs can be used for in-host protein
secretion analyses \(Fig. 3b). We then performed a comparative analysis of protein secretion in the
commonly-used onion epidermis, which is not a natural host for M. oryzae. The four _M. oryzae_ proteins
were transiently expressed in onion cells. However, only two proteins \(MGG_06834 and MGG_08331)
were secreted, while the other two proteins \(MGG_02340 and MGG_06843) were enriched in membrane \
(Fig. 3c). The activation of rice defense promoter by secreted fungal proteins using this particle
bombardment method has been shown in previously researches26,27. These results imply that even
though protein secretion systems commonly exist in plants, there are plant-specific differences. Together,
these data indicate that the development of this transient expression protocol for rice is necessary for _in
planta_ expression analyses. Furthermore, this technique is essential for the study of protein subcellular
localization and protein-protein interactions between host and pathogen secreted proteins.
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Figures

Figure 1
Preparation of rice leaf sheaths for particle bombardment. (a) Sheaths from 4-6-leaf stage rice plants
were used in this experiment. (b) Rice sheaths were collected for sheath sectioning. (c) Schematic picture
of sheath section blade (top); a prepared section blade (middle); enlarged view of the distance between
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blade edges (bottom). (d) A sheath section of approximately 400 μm was cross-sliced next to the stem.
The dotted line indicates the cutting sites. (e) A thin section of leaf sheath was placed on half-strength
MS medium.

Figure 2
Secretion assay in rice sheath cells after bombardment. (a) Schematic diagram of constructed vectors.
ZmUbi pro, maize ubiquitin promoter; Glu1 SP, rice glucanase 1 gene signal peptide; LB, left bound; RB,
right bound. (b) Light, mCherry-filtered, and merged microscopic images of bombarded rice sheaths at 48
hab. Bars = 100 μm.
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Figure 3
Transient expression of rice blast fungal secretion proteins in rice leaf sheaths and onion epidermis. (a)
Schematic diagram of the transient expression vector. (b) mCherry signals in rice leaf sheaths were
detected at 48 hab. Bars = 100 μm. (c) mCherry signals in onion epidermis were detected at 24 hab. Bars
= 200 μm.
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