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Abstract 26 

 27 

An efficient in vivo transient transfection system using protoplasts is an important tool to study 28 

gene expression, metabolic pathways, and multiple mutagenesis parameters in plants. Although 29 

rice protoplasts can be isolated from germinated seedlings or cell suspension culture, preparation 30 

of those donor tissues can be inefficient, time consuming, and laborious. Additionally, the lengthy 31 

process of protoplast isolation and transfection needs to be completed in a single day. Here we 32 

report a protocol for isolation of protoplasts directly from rice calli, without using seedlings or 33 

suspension culture. The method is developed to employ discretionary pause points during 34 

protoplast isolation and prior to transfection. Protoplasts maintained within a sucrose cushion 35 

partway through isolation, for completion on a subsequent day, per the first pause point, are 36 

referred to as S protoplasts. Fully isolated protoplasts maintained in MMG solution for transfection 37 

on a subsequent day, per the second pause point, are referred to as M protoplasts. Both S and 38 

M protoplasts, 1 day after initiation of protoplast isolation, had minimal loss of viability and 39 

transfection efficiency compared to protoplasts 0 days after isolation.  S protoplast viability 40 

decreases at a lower rate over time than that of M protoplasts and can be used with added 41 

flexibility for transient transfection assays and time-course experiments. The protoplasts 42 

produced by this method are competent for transfection of both plasmids and ribonucleoproteins 43 

(RNPs). Cas9 RNPs were used to demonstrate the utility of these protoplasts to assay genome 44 

editing in vivo. The current study describes a highly effective and accessible method to isolate 45 

protoplasts from callus tissue induced from rice seeds.  This method utilizes donor materials that 46 

are resource-efficient and easy to propagate, permits convenience via pause points, and allows 47 

for flexible transfection days after protoplast isolation. It provides an advantageous and useful 48 

platform for a variety of in vivo transient transfection studies in rice. 49 

 50 
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Background  52 

 53 

Rice (Oryza sativa L.) is a vital crop that provides staple calories for approximately half of the 54 

global population and is a model organism for basic research of monocotyledon plant biology [1, 55 

2]. Amidst rapid population growth, climate change, and threats posed by pests and pathogens, 56 

the need to address food security via improved agricultural output is high. To meet these 57 

challenges, it is important to advance basic scientific understanding of plant processes, molecular 58 

machinery, and genetics. Concurrently, those advances can be applied and developed via 59 

biotechnological efforts to improve plants for increased yield, new genetic diversity, insect 60 

resistance, disease resistance, drought tolerance, herbicide tolerance and other agronomically 61 

important traits [3].  62 

 63 

Much of this work, particularly early stage experiments, can be hastened via robust protoplast 64 

systems. The delivery of DNA or RNPs into plant tissue for biological assays is impeded by the 65 

presence of a rigid cell wall surrounding each cell. Enzymatic digestion of the cell walls followed 66 

by a purification process yields membrane-bound protoplasts [4]. These cells are useful and 67 

versatile gene expression systems competent for transfection of exogenous genetic material. 68 

Other experimental platforms exist in plants, such as heterologous expression in plants like onion 69 

or tobacco [5,6] and stable and transient transformation by Agrobacteria [7,8] or particle 70 

bombardment [9,10]. However, heterologous expression systems can be linked to a caveat of 71 

aberrant characteristics [11], and stable transformation requires significant resources and can be 72 

superfluous for some applications.  73 

 74 

Protoplast studies are uniquely suited for facile, rapid, and high throughput in vivo assays to 75 

examine gene expression as well as to evaluate genome editing efficacy. The advent of targeted 76 

plant genome editing, mediated by various sequence-specific nucleases, is a powerful 77 
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biotechnological development that has hastened plant gene function studies and crop 78 

development [12]. The CRISPR/Cas9 system, in particular, has provided significant utility due to 79 

its simplicity and versatility [3,13]. A critical factor driving editing efficiency is the guide RNA 80 

(gRNA) sequence that guides specific Cas9 cleavage of genomic DNA. Because generating 81 

stable genome-edited plants is complex and labor intensive, it is beneficial to first determine the 82 

most effective gRNAs in vivo as well as identify the range of mutations made through a simple 83 

and rapid protoplast pipeline.  84 

 85 

Generally, protoplasts are isolated from leaves or germinated seedlings for transient transfection 86 

in several plant species [14,15,16,17,18]. Rice protoplasts can be isolated from cell suspension 87 

culture [19,20] as well as seedlings [21,22,23]. While effective, these methods can be time 88 

consuming and laborious. Isolation from seedlings requires 80-120 fresh seedlings per protoplast 89 

preparation, which can deplete seed pools quickly. Meticulous manual slicing of the plant material 90 

into small strips is also a critical step in the protocol. The blade must be changed regularly to 91 

ensure clean cuts, as any bruising of the leaf tissue leads to a lower yield of healthy protoplasts. 92 

Meanwhile, establishment and maintenance of cell suspension culture requires experienced skill 93 

to select proper callus morphologies and are vulnerable to contamination [19,24,25]. Furthermore, 94 

transfections are performed immediately after isolation, raising an additional component of time 95 

sensitivity.  96 

 97 

In the present study, we describe a highly efficient method to isolate rice protoplasts from callus 98 

tissue derived from dry seeds. The induction and proliferation of calli is straightforward, 99 

sustainable, and sterile. We analyze protoplast viability and transfection competence over time, 100 

utilize the method for a genome editing assay, and demonstrate that this method provides 101 

convenience via pause points during protoplast isolation and is permissive for transfection of 102 

protoplasts for multiple days after initial cell wall digestion of calli.  103 
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Materials and methods 104 

 105 

Plant materials 106 

Plants of two rice (Oryza sativa L.) cultivars, Nipponbarre and Kitaake, were grown in a 107 

greenhouse at 16/8-h photoperiod intervals (250-300 µmol m-2s-1), 27 °C and 22 °C, respectively. 108 

 109 

Reagents and solutions 110 

Recipes for callus induction media, digestion solution, W5 solution, MMG solution, WI solution, 111 

and PEG-CaCl2 solution are listed in Table 1. All solutions are 0.2 µm filter sterilized. 112 

   113 

Callus induction and subculture 114 

Mature seeds of rice were used to induce callus tissue. Briefly, dehulled mature seeds were 115 

surface sterilized for 15-20 minutes in 20% (v/v) bleach (5.25% sodium hypochlorite) plus one 116 

drop of Tween 20 followed by three washes in sterile water and placed on OsCIM2 callus induction 117 

medium (Table 1). After 7-14 days, the coleoptiles and endosperm tissues were removed from 118 

the mature seeds and the translucent, pale-yellow nodular calli were transferred onto fresh 119 

OsCIM2 every 3 to 4 weeks for subculture.  120 

 121 

Protoplast isolation 122 

All exposed steps were performed under sterile conditions within a laminar flow hood. After 123 

enzymatic digestion of tissue, all pipetting of protoplasts was performed with sterile 1 mL tips with 124 

the top 0.25 cm removed. Five to six grams of compact, nodular callus tissue were collected from 125 

subcultured OsCIM2 plates and gently crumbled using the edge of a metal spatula or scalpel in a 126 

deep 25×100 mm petri dish with 15 mL of digestion solution. The petri dish was incubated in the 127 

dark in a room temperature shaker at 70 rpm for 3 hours until the digestion solution appeared 128 

milky. 129 
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 130 

The protoplast-filled digestion solution was first filtered through a Falcon 100 µm nylon cell strainer 131 

(352360; BD Biosciences, San Jose, CA, USA) in a sterile petri dish and then through a Falcon 132 

40 µm nylon cell strainer (352340; BD Biosciences). The protoplast solution was transferred to a 133 

50 mL conical tube and centrifuged for 5 minutes at room temperature at 150xg. The supernatant 134 

was discarded, and the protoplast pellet was gently resuspended in 8 mL W5 solution. Separately 135 

a fresh 50 mL conical tube with 10 mL of 0.55 M sucrose was prepared. The cell suspension was 136 

gently pipetted onto the sucrose cushion such that the cell suspension floated on top, then 137 

centrifuged at 1000xg without deceleration for 5 minutes. 138 

 139 

At this stage, the isolation process could be paused until subsequent days, or continued 140 

immediately.  141 

 142 

The intermediate cloudy phase, containing live protoplasts, was pipette extracted and mixed with 143 

10 mL W5 solution in fresh tubes. The suspension was centrifuged for 5 minutes at room 144 

temperature at 150xg. The supernatant was removed, and the pellet gently resuspended in 5 mL 145 

of MMG solution. The suspension was once again centrifuged for 5 minutes at room temperature 146 

at 150xg. The protoplast pellet was resuspended in 4 mL of MMG, or enough to bring the final 147 

cell concentration to 2.5×106 cells/mL as calculated by microscopy on a hemocytometer. 148 

  149 

Protoplast viability 150 

One µL of 1% Evans blue (E2129; Sigma-Aldrich Corp., St Louis, MO, USA) was added to 25 µL 151 

protoplast suspension. The protoplasts were viewed on a hemocytometer under a light 152 

microscope. Live protoplasts, which remained unstained, were counted and total live protoplasts 153 

per milliliter were calculated. Dead protoplasts and debris were stained blue. 154 

  155 
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Protoplast transfection 156 

PEG-mediated transfection was performed, guided by previously published methods [22,26] with 157 

modifications. In a sterile 1.5 mL tube, 10 µg of 250 ng/µL plasmid DNA pAct1IsGFP [27] were 158 

added to 200 µL of protoplasts suspension (5×105 total cells), gently flicked and inverted to mix 159 

thoroughly, and incubated at room temperature in the dark for 5 minutes. Two hundred forty µL 160 

of PEG-CaCl2 solution were added, and the tube inverted gently several times until fully mixed. 161 

This was further incubated at room temperature in the dark for 20 minutes. After incubation, 800 162 

µL of W5 solution were added to stop the reaction, inverted gently several times until fully mixed, 163 

and centrifuged at 200xg for 5 minutes. The supernatant was carefully pipetted for removal, 164 

reserving the protoplast pellet. The protoplast pellet was resuspended with gentle inversions and 165 

minimal pipetting in 1 mL WI solution and transferred into a 12-well tissue culture plate. The plate 166 

edges were sealed with parafilm and incubated in the dark at 26 °C for 48 hours until they were 167 

utilized for light microscopy to measure protoplast viability on a hemocytometer and GFP 168 

fluorescence using a Zeiss Axio Imager (Carl Zeiss Microscopy LLC, White Plains, NY) and a 169 

Leica M165 fluorescence microscope (Leica Microsystems Inc., Buffalo Grove, IL).  170 

 171 

Rice protoplast genome editing and amplicon next generation sequencing analysis 172 

Protoplasts were transfected with Cas9 RNPs based on a previous study, with modifications [28]. 173 

A 1:1 ratio of tracrRNA and target specific crRNA (Integrated DNA Technologies, Coralville, IA) 174 

were annealed to form gRNA. Ten µg Cas9 protein (Macrolab, University of California, Berkeley, 175 

CA) and 10 ug gRNA were incubated at 37 °C for 20 minutes in a total 25 µL to assemble the 176 

Cas9 RNPs. Protoplast transfection was performed, as described above, using 25 µL RNPs 177 

instead of plasmid DNA. Forty-eight hours post-transfection, the protoplasts were harvested for 178 

CTAB-chloroform genomic DNA extraction. To determine mutation rates by amplicon sequencing, 179 

PCR was performed with target specific primers, amplifying approximately 300 bp around the cut 180 

site using Q5 High-Fidelity (New England Biolabs, Ipswich, MA) polymerase. Primers contained 181 
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a 5’-stub compatible with Illumina NGS library preparation. PCR products were ligated to Illumina 182 

TruSeq adaptors and purified. Libraries were prepared using a NEBNext kit (Illumina) according 183 

to the manufacturer’s guidelines. Samples were deep sequenced on an Illumina MiSeq at 300 bp 184 

paired-end reads to a depth of approximately 10,000 reads per sample. Cortado 185 

(https://github.com/staciawyman/cortado) was used to analyze editing outcomes. Briefly, reads 186 

were adapter trimmed and then merged using overlap to single reads. These joined reads were 187 

then aligned to the target reference sequence. Editing rates are calculated by counting any reads 188 

with an insertion or deletion overlapping the cut site or occurring within a 3 base pair window on 189 

either side of the cut site.  SNPs occurring within the window around the cut site are not counted. 190 

Total edited reads are then divided by the total number of aligned reads to get percent edited. 191 

 192 

Results and Discussion 193 

  194 

A sustainable protoplast isolation method with optional pause points 195 

Existing methods for protoplast isolation from rice using germinated seedlings and suspension 196 

cultures are valuable and well described [19-25]. However, they can consume seeds at a high 197 

rate or require the technical and labor-intensive know-how of maintaining a suspension culture. 198 

Furthermore, the methods require an uninterrupted lengthy workflow from donor tissue digestion 199 

all the way through transfection performed on the isolated protoplasts.  200 

 201 

Here, techniques are outlined for a branched method with built-in optional pause points that allow 202 

for consistent and efficient procurement of healthy protoplasts that may be used gradually, over 203 

the course of several days, for downstream transient assays. The donor tissue for the isolation of 204 

protoplasts are calli induced from seeds and regularly sub-cultured on solid OsCIM2 callus 205 

induction media (Table 1). Calli were also induced from immature embryos in this manner, with 206 

comparable outcomes. In general, callus tissue propagated for more than six months could be 207 
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used in this method. As a result, the donor tissue becomes available at an exponential rate once 208 

initiated, abrogating the obstacle of donor material availability for this procedure. 209 

 210 

The workflow for the protoplast isolation protocol produced from this study is portrayed in Fig. 1. 211 

We gathered 5 g of compact pale-yellow rice callus tissue (Fig. 2A) and used a scalpel or metal 212 

spatula to bring all of the pieces to roughly the same size. Careful slicing and razor exchanges 213 

were not needed. An enzymatic cocktail of 1.5% cellulase R10 and 0.1% pectolyase or 0.75% 214 

macerozyme R10 resulted in successful breakdown of rice callus tissue cell walls while 215 

maintaining healthy viable protoplasts (Figs. 2B, C). An additional step of vacuum infiltration of 216 

the digestion solution with the donor tissue, an approach utilized in other protocols [22,29], was 217 

unnecessary for our method, eliminating a common step, decreasing equipment load, and 218 

increasing simplicity. Rather, we could simply incubate the callus tissue with 15 mL digestion 219 

solution with gentle shaking at 70 rpm for 3 hours, less time than is required for seedling-derived 220 

cells. After digestion, protoplasts were isolated from spent tissue via filtration (Fig. 2D) and 221 

centrifugation through a 0.55 M sucrose cushion. A gentle overlay of the cell suspension onto the 222 

sucrose was found to be a crucial step for optimal yield. If the cells were handled crudely and 223 

dropped with a force that significantly broke the surface tension of the sucrose, the ultimate 224 

protoplast yield could be diminished. After centrifugation of the cell suspension through 0.55 M 225 

sucrose, healthy protoplasts separated from debris and accumulated to form a dense band of 226 

purified protoplasts at the W5 - sucrose interface (Fig. 2E), bringing the protocol to its first optional 227 

pause point.  228 

 229 

Here, the method could be paused for one or more days. The band of protoplasts could be left 230 

undisturbed at the interface for processing at a later time or handled immediately. The protoplasts 231 

produced from utilization of this pause point are termed “S protoplasts.”  232 

 233 
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To isolate protoplasts from the sucrose cushion, the entirety of the cloudy phase band containing 234 

the protoplasts was gently pipetted out. This was followed by final washing and centrifugation 235 

steps to maximize purity of the protoplasts and eliminate cellular debris. Finally, protoplasts were 236 

resuspended in MMG solution to a concentration of 2.5 x 106 protoplasts/mL. Protoplasts could 237 

be transfected immediately, or the second optional pause point could be employed—storing the 238 

protoplasts in MMG solution, termed “M protoplasts,” until transfection at a later time.   239 

 240 

Protoplasts isolated from the band on the same day as digestion of the donor tissue cell walls 241 

were referred to as “Sucrose Cushion Day 0/ MMG Day 0” (S/M0) protoplasts. Those isolated 242 

from the interface one, two, three, or 7 days after digestion were designated S1, S2, S3, or S7 243 

protoplasts, respectively. S/M0 protoplasts, stored in MMG solution and utilized in experiments 244 

over the following one, two, three, or 7 days after digestion were labeled “MMG Day 1” (M1), M2, 245 

M3, or M7 protoplasts.  246 

  247 

Protoplast viability over time  248 

To ensure the utility of this branched method for protoplast isolation, Evans blue staining was 249 

used to quantify viable protoplasts in all isolations from the sucrose cushion (S protoplasts) as 250 

well as protoplasts stored in MMG solution over time (M protoplasts) (Fig. 2F). Healthy intact 251 

protoplasts derived from this method are colorless, spherical, and resistant to staining.  The 252 

viability assay indicated that S/M0 isolates yielded the greatest number of live protoplasts, with a 253 

gradual decrease with increasing age of the protoplast-containing sucrose cushion. S/M0 isolates 254 

contained approximately 2.5 times the number of protoplasts as S7 isolates. However, it is notable 255 

that the order of magnitude for the protoplast count remained unchanged between S/M0 and S7. 256 

We show that from 5 grams of rice callus donor tissue, this method yields, on average, 9.8×106 257 

live protoplasts if isolated on day 0 (S/M0) and 3.9×106 live protoplasts if isolated on day 7 (S7) 258 

(Fig. 3A). This translates to approximately 20 transfection reactions with S/M0 protoplasts, and 8 259 
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transfection reactions with S7 protoplasts. To compare, 100-120 finely sliced rice seedlings are 260 

required to obtain approximately the same number of protoplasts as an S/M0 isolation by the 261 

current method [22], and which cannot be stored for future use. 262 

 263 

Viability of M protoplasts was also tracked over time. Though viability decreases appreciably from 264 

day 2, the concentration of viable M1 protoplasts is comparable to S1 protoplasts and only mildly 265 

reduced from S/M0 protoplasts, making them an acceptable option for use in assays (Fig. 3A). It 266 

was also noted that protoplasts held in MMG solution for 7 days appeared approximately 1.7X 267 

larger (Fig. 3B). This may be attributed to cell growth or osmotic swelling. However, the larger 268 

protoplasts displayed a characteristically healthy spherical shape, unstained by Evans blue, 269 

suggesting that osmotic stress was not occurring.  270 

 271 

Transfection efficiency over time 272 

Both quantity and quality of protoplasts are critical factors for downstream experiments. In existing 273 

methods, transfection is performed only on freshly isolated protoplasts. Here, transfection 274 

efficiency of both S and M protoplasts of different ages were assayed via PEG-mediated 275 

transfection of pAct1IsGFP-1, a GFP overexpression plasmid [27].  276 

 277 

First, S and M transfection pools were imaged for GFP expression 1 and 2 days after transfection 278 

(Fig. 4). Protoplasts aggregate over time and the 1 mL pools were not pipetted for homogeneity. 279 

Rather, a fluorescence stereomicroscope was used to manually scan the sample and gather 280 

representative images in areas with moderate density of protoplasts. Strong GFP fluorescence 281 

was detected in both S and M cells 1 and 2 days after transfection.  282 

 283 

Transfection efficiency was calculated 2 days after plasmid transfection as a percentage of GFP 284 

positive protoplasts over total live protoplasts, as determined by fluorescence microscopy and 285 
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Evans Blue staining on a hemocytometer (Fig. 5). For S/M0 protoplasts, transfection was highly 286 

efficient, producing 73.5% GFP expressing protoplasts. S1 transfection efficiency was 287 

comparable, at 69.5%. Taken together with the results from the previously described viability 288 

assay, the data suggest that S1 protoplasts are comparable in value to freshly isolated S/M0 289 

protoplasts. This finding facilitates novel flexibility in research, allowing assays to be performed 290 

24 hours after initiation of the protoplast isolation method with little to no loss of efficacy and data. 291 

Though transfection efficiency declines over time for both S and M protoplasts, it does not fall 292 

below 15% within 7 days (Fig. 5). Moreover, it is conceivable that certain assays, for example 293 

protein localization, do not require optimal transfection efficiency or viability. The data provided 294 

here allow for the informed design and versatile scheduling of protoplast experiments with a 295 

quantified summary of expected losses of viability and transfection efficiency over time.  296 

 297 

Gene editing via Cas9 ribonucleoprotein transfection 298 

Given the flourishing field of genome editing, it was critical to ensure that this method was suitable 299 

for such studies. To demonstrate this, S/M0 as well as S1 and M1 protoplasts were transfected 300 

with in vitro assembled Cas9-gRNA ribonucleoproteins targeting a single locus (Fig. 6). For 301 

comparison with protoplasts isolated via a previously published method [22], protoplasts derived 302 

from rice seedlings were also transfected. Editing at the Cas9 cleavage site was identified and 303 

quantified through NGS. Editing rates for S/M0 protoplasts and seedling-derived protoplasts were 304 

similar (Fig. 6), indicating that the present protocol can be used confidently in genome editing 305 

studies.  306 

 307 

Conclusion 308 

The current study describes an embryogenic rice callus-derived protoplast isolation method that 309 

avoids the growth of numerous rice seedlings or induction and maintenance of a suspension 310 

culture. It also includes optional pause points during and after protoplast isolation. The ability to 311 
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pause the protocol as well as utilize viable stored M protoplasts increases flexibility in schedules 312 

and experimentation for researchers. Because the process of obtaining donor material through 313 

isolation of protoplasts and transfection is performed under sterile conditions in its entirety, the 314 

protoplasts can be maintained without contamination for time course experiments from 315 

transfection through subsequent 7 days or longer.  In addition, we demonstrate that the 316 

protoplasts produced from this method are competent for transfection of both DNA and RNPs, 317 

suitable as transient expression systems, and effective for CRISPR-Cas9 based genome editing 318 

assays. 319 

 320 
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2,4-D: 2,4-dichlorophenoxyacetic acid; BAP: 6-benzylaminopurine; MES: 2-(N-322 
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gRNA: guide RNA; SNP: single nucleotide polymorphism; CRISPR: clustered regularly 325 
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fluorescent protein; NGS: next generation sequencing; rpm: revolutions per minute 327 

 328 

Declarations 329 

Ethics approval and consent to participate  330 

Not applicable.  331 

 332 

Consent for publication  333 

Not applicable.  334 

 335 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 2, 2020. ; https://doi.org/10.1101/2020.09.01.278176doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.01.278176
http://creativecommons.org/licenses/by/4.0/


Availability of data and material  336 

All data generated or analyzed during this study are included in this published article.  337 

 338 

Competing interests  339 

The authors declare that they have no competing interests.   340 

 341 

Funding  342 

This work was supported by the IGI of the University of California at Berkeley. 343 

 344 

Authors' Contributions  345 

SP and M-JC designed the experiments and wrote the manuscript. SP, JT and M-JC 346 

performed the experiments. JHDC, BS and M-JC supervised the experiments. All 347 

authors read and approved the final manuscript.  348 

 349 

Acknowledgments 350 

We thank Innovative Genomics Institute (IGI) scientists, Netravathi Krishnappa and 351 

Stacia Wyman, for NGS library preparation and sequencing work and for assistance with 352 

analysis of sequencing data. Figure 1 was created with Biorender.com. 353 

 354 

Figure Legends 355 

 356 

Figure 1. Graphical depiction of the protoplast isolation workflow. 357 
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Figure 2. Isolation of protoplasts from rice calli induced from mature seeds. (A) Donor tissue 359 

for protoplast isolation were translucent, pale yellow, and nodular calli propagated on OsCIM2 360 

medium. (B) To degrade the tissue cell walls, digestion solution was added. (C) A visual indication 361 

of successful enzymatic digestion was a milky appearance of the solution after three hours of 362 

gentle shaking. (D) Large particles and spent tissue were removed from the protoplast solution 363 

via cell strainer filtration. (E) Protoplasts formed a visible band, marked by a red bracket, after 364 

centrifugation through a 0.55 M sucrose cushion. (F) Protoplasts derived from rice calli. Healthy 365 

cells are round and colorless. Dead cells and debris are stained by Evans Blue. Bar = 50 µm 366 

 367 

Figure 3. Protoplast viability and size over time. (A) Viability of protoplasts was measured by 368 

counting protoplasts unstained by Evans Blue dye on a hemocytometer. Total live protoplasts 369 

were calculated by first determining protoplast density, then multiplying by the total volume of 370 

protoplasts from the isolation. Counts were performed in triplicate. The means are plotted and 371 

error bars indicate standard deviation. (B) A random sampling of 50 protoplasts were measure for 372 

diameter at 0 and 7 days in MMG. Each measurement was plotted individually, and the means 373 

were indicated by a horizontal line.  374 

 375 

Figure 4. GFP expression in S and M callus-derived protoplasts of different ages. S (top 376 

panel) and M (bottom panel) protoplasts of different ages were transfected with pAct1sGFP-1 and 377 

imaged for GFP fluorescence. Images were taken at 80X magnification on a Leica M165 378 

fluorescence microscope. Transfected protoplasts were in 1 mL WI solution pools in 12-well 379 

culture plates.  380 

 381 

Figure 5. Transfection efficiency in S and M protoplasts isolated from rice calli. The 382 

percentage of GFP fluorescence-positive protoplasts were calculated after transfection with 383 
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pAct1IsGFP-1 to determine plasmid DNA transfection efficiency in S and M callus-derived rice 384 

protoplasts of different ages.  385 

 386 

Figure 6. Genome editing efficiency in rice protoplasts isolated from rice calli. Editing 387 

efficiency of Cas9 and gRNA ribonucleoproteins in S and M callus-derived rice protoplasts of 388 

different ages was compared to seedling-derived rice protoplasts 389 

 390 
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Table 1. Compositions of medium/solutions used for protoplast isolation and 
transfection 

Medium/Solution 
Name 

Compositions 

OsCIM2 3.99 g/L Chu’s N6 Basal Medium with Vitamins (C167, 

PhytoTechnology Laboratories, Lenexa, KS, USA), 30 g/L 

maltose, 0.1 g/L myo-inositol, 5 uM CuSO4, 0.3 g/L casein 

enzymatic hydrolysate, 2.5 mg/L 2,4-D, 0.2 mg/L BAP, 0.5 g/L L-

Proline, 0.5 g/L L-Glutamine, pH 5.8, solidified with 3.5 g/L 

Phytagel (P8169; Sigma-Aldrich Corp., St Louis, MO, USA). 

Autoclaved.  

Digestion solution 10 mM MES pH 5.7, 0.6 M mannitol, 1.5% cellulase Onozuka R-10 

(Yakult, Tokyo, Japan), 0.1% pectolyase (or 0.75% macerozyme 

R-10) (Yakult, Tokyo, Japan), 10 mM CaCl2, 4 mM 2-

mercaptoethanol, 0.1% bovine serum albumin. 

Special instructions: MES, mannitol, H2O, cellulase R10, and 

pectolyase were stirred and incubated at 55°C for 10 minutes. The 

solution was cooled to room temperature, and CaCl2, 2-

mercaptoethanol, and bovine serum albumin were added in and 

gently mixed.  

W5 solution 2 mM MES pH 5.7, 154 mM NaCl, 5 mM KCl, 125 mM CaCl2 

MMG solution 4 mM MES pH 5.7, 0.6 M mannitol, 15 mM MgCl2 

WI solution 4 mM MES pH 5.7, 0.4 M mannitol, 4 mM KCl 

PEG-CaCl2 

solution 

0.4 M mannitol, 100 mM CaCl2, 40% (wt/vol) PEG4000 (81240; 

Sigma-Aldrich Corp., St Louis, MO, USA) 
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Figure 1. Graphical depiction of the protoplast isolation workflow.

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 2, 2020. ; https://doi.org/10.1101/2020.09.01.278176doi: bioRxiv preprint 

https://doi.org/10.1101/2020.09.01.278176
http://creativecommons.org/licenses/by/4.0/


Figure 2. Isolation of protoplasts from rice calli induced from mature seeds. (A) Donor tissue for

protoplast isolation were translucent, pale yellow, and nodular calli propagated on OsCIM2 medium. (B)

To degrade the tissue cell walls, digestion solution was added. (C) A visual indication of successful

enzymatic digestion was a milky appearance of the solution after three hours of gentle shaking. (D)

Large particles and spent tissue were removed from the protoplast solution via cell strainer filtration. (E)

Protoplasts formed a visible band, marked by a red bracket, after centrifugation through a 0.55 M

sucrose cushion. (F) Protoplasts derived from rice calli. Healthy cells are round and colorless. Dead

cells and debris are stained by Evans Blue. Bar = 50 µm

Figure 3. Protoplast viability and size over time. (A) Viability of protoplasts was measured by

counting protoplasts unstained by Evans Blue dye on a hemocytometer. Total live protoplasts were

calculated by first determining protoplast density, then multiplying by the total volume of protoplasts

from the isolation. Counts were performed in triplicate. The means are plotted and error bars indicate

standard deviation. (B) A random sampling of 50 protoplasts were measure for diameter at 0 and 7 days

in MMG. Each measurement was plotted individually, and the means were indicated by a horizontal

line.
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Figure 4. GFP expression in S and M callus-derived protoplasts of different ages. S (top panel)

and M (bottom panel) protoplasts of different ages were transfected with pAct1sGFP-1 and imaged for

GFP fluorescence. Images were taken at 80X magnification on a Leica M165 fluorescence microscope.

Transfected protoplasts were in 1 mL WI solution pools in 12-well culture plates.
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Figure 5. Transfection efficiency in S and M protoplasts isolated from rice calli. The

percentage of GFP fluorescence-positive protoplasts were calculated after transfection with

pAct1IsGFP-1 to determine plasmid DNA transfection efficiency in S and M callus-derived rice

protoplasts of different ages.
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Figure 6. Genome editing efficiency in rice protoplasts isolated from rice calli. Editing

efficiency of Cas9 and gRNA ribonucleoproteins in S and M callus-derived rice protoplasts of

different ages was compared to seedling-derived rice protoplasts
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