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Abstract 
 

Advancing enabling technology and genome editing in monocot crops for disease resistance and 
sustainability 

 
by 
 

Snigdha Poddar 
 

Doctor of Philosophy in Molecular and Cell Biology 

University of California 

Professor Jamie H.D. Cate, Co-Chair 

Professor Brian J. Staskawicz, Co-Chair 
 

It is projected that by the year 2050, global agriculture will need to increase the output of 
staple crops by 60% to feed the world’s rapidly growing population amidst threats posed by 
climate change and crop disease. One strategy to meet this challenge is to develop new genetic 
diversity in the germplasm to generate robust and resilient lines with beneficial traits. 
Conventional breeding has played an essential and major role in crop trait improvement. 
However, those methods can be difficult, laborious, and time-consuming. The development of 
effective technology for precision and time-saving plant breeding is required. A breakthrough 
tool to this end has been CRISPR-Cas9. Noteworthy for its simple sequence-specific 
programmability, the gene editing system has unleashed remarkable potential for plant 
biotechnology and functional genomics. Here, we explore several aspects and parameters to 
advance Cas9-mediated gene editing technology in the essential monocot food crops: rice and 
wheat. Early-stage plant gene-editing projects benefit greatly from a rapid transient pipeline 
using protoplasts to evaluate the efficacy of gene editing reagents. We describe here a novel and 
sustainable method for protoplast isolation from rice tissue and demonstrate their use in 
ribonucleoprotein (RNP) based Cas9 gene editing assays. Next, we focus on applications of Cas9 
technology in wheat to engineer disease resistance. Wheat is a critical target organism because 
the complexity of its large allohexaploid genome has rendered genetic manipulation by classic 
methods extremely difficult. Using DNA plasmids encoding CRISPR-Cas9 gene editing 
reagents, we optimize conditions and demonstrate that all three homoeologous copies of genes in 
allohexaploid wheat can be simultaneously edited within a single generation. We recognize, 
however, that DNA plasmid gene editing approaches have a number of limitations including 
random integration into the plant genome and unpredictability of expression. To address this, we 
finally present significant improvements to DNA-free Cas9-RNP based gene editing in wheat. 
We show that increased temperature treatment greatly enhances Cas9-mediated editing 
efficiency and regenerate transgene-free edited wheat plants at a high rate. Lastly, we utilize this 
DNA-free gene editing method to generate de novo partial resistance to the agronomically 
important pathogen Parastagonospora nodorum. 
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CHAPTER 1. Introduction 
 

To feed a rapidly growing human population, mitigate the effects of climate change, and 
engineer resistance to plant pathogens, new approaches are needed to increase the speed and 
precision of crop varietal development. Over the course of nearly 10,000 years of agriculture, plant 
breeding has taken advantage of natural genetic diversity existing in crops through the 
development of traditional strategies, such as marker-assisted selective propagation and breeding 
to select for desirable traits1,2. These strategies, however, are limited by tremendous inputs of time, 
resources, labor, and issues of genetic linkage drag 3. There exists demand for modern techniques 
by which endogenous genes can be edited with high efficiency and sequence specificity without 
the need for extensive crossing and backcrossing to achieve the desired genotype 4. CRISPR-Cas9, 
an RNA-guided endonuclease 5, has revolutionized the field of plant genome editing due to its 
efficient sequence specific DNA double stranded cleavage activity 6. The strategy takes advantage 
of an organism’s DNA repair mechanisms upon double stranded breaks 7 to direct editing in the 
form of error-prone non-homologous end joining (NHEJ) produced insertions or deletions. 
Applications of this technology to food crops can greatly accelerate production of allelic variation, 
diversity, and improvements to agriculture. 

The dissertation work detailed here entails investigations of the CRISPR-Cas9 genome 
editing landscape in monocot plant cells and advancements to enabling technology and genome 
editing processes in monocot crops. The studies are motivated by efforts to engineer disease 
resistance and increase sustainability in agriculture. 
 One such piece of enabling technology is an efficient protoplast isolation and transfection 
pipeline. Protoplasts, which are plant cells that have been enzymatically treated to remove cell 
walls, are important tools to study gene expression, metabolic pathways, and gene editing 
parameters in plants. Although rice protoplasts can be isolated from germinated seedlings or cell 
suspension culture, preparation of those donor tissues can be inefficient, time-consuming, and 
laborious 8-12. Additionally, the lengthy process of protoplast isolation and transfection needs to be 
completed in a single day. In Chapter 2, we report a protocol for the isolation of protoplasts directly 
from rice calli, without using seedlings or suspension culture. The method was developed to 
employ discretionary pause points during protoplast isolation and before transfection. The 
protoplasts produced by this method are competent for transfection of both plasmids and 
ribonucleoproteins (RNPs). Cas9 RNPs were used to demonstrate the utility of these protoplasts 
to assay genome editing in vivo. We describe a highly effective and accessible method to isolate 
protoplasts from callus tissue induced from rice seeds. The method utilizes donor materials that 
are resource-efficient and easy to propagate, permits convenience via pause points, and allows for 
flexible transfection days after protoplast isolation. It provides an advantageous and useful 
platform for a variety of in vivo transient transfection studies in rice including Cas9 gene editing 
assays. 

The study described in Chapter 3 focuses on editing genetically complex allohexaploid 
wheat using particle bombardment of plasmids encoding Cas9. In addition to tackling gene editing 
in the complicated wheat genome, we were driven to explore a potential strategy to combat wheat 
blast disease. Blast disease, caused by the fungus Magnaporthe oryzae, is a destructive disease 
that leads to substantial loss of annual rice and wheat harvests 13. Critically, wheat blast emerged 
in South America in 1985 and has since spread to Asia, threatening annual crop harvests 14. We 
deployed gene editing in wheat to simultaneously knock out two sets of three homoelogous wheat 
genes with orthology to rice genes characterized to control resistance to blast disease. Loss of 
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function of these negative regulators of resistance leads to broad spectrum resistance in rice that is 
more durable than that conferred by effector specific resistance genes 15,16. Given the family level 
phylogenetic relationship between rice and wheat, we reasoned that the wheat orthologs we 
identified could retain similar function to the rice genes. Ultimately, though, we found that 
complete knockout of these wheat genes did not confer resistance to disease in wheat. However, 
by optimizing Cas9 guide RNAs and developing high frequency transformation by plasmid 
microparticle bombardment and heat treatment, we generated homozygous susceptibility gene 
knockouts across all three genomes of a wheat plant in the first generation and quantified the 
incidence rate of generating a full spectrum of genotypes from nearly 100 transformed plants.  

While Agrobacterium or particle bombardment-based delivery of plasmids encoding Cas9 
and guide RNA (gRNA) is common, it requires optimization of expression and often results in 
random integration of plasmid DNA into the plant genome 17-21. Recent advances have described 
gene editing by the delivery of Cas9 and gRNA as pre-assembled RNPs into various plant tissues, 
but with moderate efficiency in resulting regenerated plants 22-24. In Chapter 4, we describe major 
improvements to Cas9-RNP mediated gene editing in wheat. We demonstrated that Cas9-RNP 
assays in wheat protoplasts are a fast and effective tool for rational selection of optimal gRNAs 
for gene editing in regenerable immature embryos (IEs), and that high temperature treatment 
enhances gene editing rates in both tissue types. We also showed that Cas9-mediated editing 
persisted for at least 14 days in gold particle bombarded wheat IEs, contrary to previous hypotheses 
that the protein is degraded in vivo within 72 hours 25. We regenerated edited wheat plants in this 
work at high rates in the absence of exogenous DNA and selection. With this method, we produced 
knockouts of a set of three homoeologous genes as well as two pathogenic effector susceptibility 
genes that resulted in insensitivity to corresponding necrotrophic effectors produced by the 
pathogen Parastagonospora nodorum. The establishment of highly efficient, DNA-free gene 
editing technology holds promise for accelerated trait diversity production in an expansive array 
of crops. 

With this work, we explored numerous aspects and parameters of Cas9-mediated gene 
editing in the essential food crops: rice and wheat. We developed new methods for protoplast 
isolation and establish their use in gene editing assays as an inexpensive, fast, and accurate method 
to predict gene editing efficiency in regenerable tissue. We unveiled the importance of heat 
treatment not only with plasmid-based, but also RNP-based gene editing using Cas9, and showed 
that all three homoeologs of a gene in allohexaploid wheat can be successfully targeted for 
mutation within the first generation after transformation of IEs. Finally, we look to the future of 
crop gene editing by greatly improving upon selection and DNA-free, Cas9-RNP mediated gene 
editing of wheat, setting the stage for utilization of this technology in vegetatively propagated 
crops. 
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CHAPTER 2. Efficient isolation of protoplasts from rice calli with pause points and its 
application in transient gene expression and genome editing assays 
 
2.1 Introduction 
 

Rice (Oryza sativa L.) is a vital crop that provides staple calories for approximately half of 
the global population and is a model organism for basic research of monocotyledon plant biology 
26,27. Amidst rapid population growth, climate change, and threats posed by pests and pathogens, 
the need to address food security via improved agricultural output is high. To meet these challenges, 
it is important to advance basic scientific understanding of plant processes, molecular machinery, 
and genetics. Concurrently, those advances can be applied and developed via biotechnological 
efforts to improve plants for increased yield, new genetic diversity, insect resistance, disease 
resistance, drought tolerance, herbicide tolerance and other agronomically important traits 28.  

Much of this work, particularly early-stage experiments, can be hastened via robust 
protoplast systems. The delivery of DNA or RNPs into plant tissue for biological assays is impeded 
by the presence of a rigid cell wall surrounding each cell. Enzymatic digestion of the cell walls 
followed by a purification process yields membrane-bound protoplasts 29. These cells are useful 
and versatile gene expression systems competent for transfection of exogenous genetic material. 
Other experimental platforms exist in plants, such as heterologous expression 30,31 and stable and 
transient transformation by Agrobacteria 32,33 or particle bombardment 34,35. However, 
heterologous expression systems can be linked to a caveat of aberrant characteristics 36, and stable 
transformation requires significant resources and can be superfluous for some applications 
including, but not limited to, studies in protein subcellular location and protein-protein interactions. 

Protoplast studies are uniquely suited for facile, rapid, and high throughput in vivo assays 
to examine gene expression as well as to evaluate genome editing efficacy. The advent of targeted 
plant genome editing, mediated by various sequence-specific nucleases, is a powerful 
biotechnological development that has hastened plant gene function studies and crop development 
37. The CRISPR/Cas9 system, in particular, has provided significant utility due to its simplicity 
and versatility 5,38. A critical factor driving editing efficiency is the guide RNA (gRNA) sequence 
that guides specific Cas9 cleavage of genomic DNA. Because generating stable genome-edited 
plants is complex and labor intensive, it is beneficial to first determine the most effective gRNAs 
in vivo as well as identify the range of mutations made through a simple and rapid protoplast 
pipeline.  

Generally, protoplasts are isolated from leaves or germinated seedlings for transient 
transfection in several plant species 39-43. Rice protoplasts can be isolated from cell suspension 
culture 8,9 as well as seedlings 10-12. While effective, these methods can be time-consuming and 
laborious. Isolation from seedlings requires 80-120 fresh seedlings per protoplast preparation, 
which can deplete seed pools quickly. Meticulous manual slicing of the plant material into small 
strips is also a critical step in the protocol. The blade must be changed regularly to ensure clean 
cuts, as any bruising of the leaf tissue leads to a lower yield of healthy protoplasts. Meanwhile, the 
establishment and maintenance of cell suspension culture requires experienced skill to select 
proper callus morphologies and are vulnerable to contamination 8,44,45. Furthermore, transfections 
are performed immediately after isolation, raising an additional component of time sensitivity.  

In the present study, we describe a highly efficient method to isolate rice protoplasts from 
callus tissue derived from dry seeds. The induction and proliferation of calli is straightforward, 
sustainable, and sterile. We analyze protoplast viability and transfection competence over time, 
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utilize the method for a genome editing assay, and demonstrate that this method provides 
convenience via pause points during protoplast isolation and is permissive for transfection of 
protoplasts for multiple days after initial cell wall digestion of calli. 
 
2.2 A sustainable protoplast isolation method with optional pause points 

 
Existing methods for protoplast isolation from rice using germinated seedlings and 

suspension cultures are valuable and well described 8-10,44-47. However, the protocol using 
germinated seedlings consumes seeds at a high rate and the suspension culture protocol requires 
the technical and labor-intensive know-how of maintaining a suspension culture. In contrast, the 
present protoplast isolation protocol using rice calli described here is highly effective and 
accessible because callus induction from mature seeds is straightforward and fast. We could 
generate about 5 g of calli 1 month after callus induction from 30 mature seeds.  These tissues can 
be proliferated to about 30-40 g of calli after another month, and 150 to 200 g of calli are available 
3 months after the initial callus induction.  These tissues can be further proliferated with additional 
rounds of transfers and can be utilized at any stage on a large scale. Furthermore, the methods 
require an uninterrupted and lengthy workflow from donor tissue digestion through transfection 
performed on the isolated protoplasts.  

Here, techniques are outlined for a branched method with built-in optional pause points 
that allow for consistent and efficient procurement of healthy protoplasts that may be used 
gradually, over the course of several days, for downstream transient assays. The donor tissue for 
the isolation of protoplasts are calli induced from seeds and regularly sub-cultured on solid 
OsCIM2 callus induction media (Table 1). Calli were also induced from immature embryos in this 
manner, with comparable outcomes. In general, callus tissue propagated for more than six months 
could be used in this method. As a result, the donor tissue becomes available at an exponential rate 
once initiated, abrogating the obstacle of donor material availability for this procedure. 
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Table 1: Composition of medium/solutions used for protoplast isolation and transfection 
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Figure 1. Graphical depiction of the protoplast isolation workflow 

 
The workflow for the protoplast isolation protocol produced from this study is portrayed 

in Fig. 1. We gathered 5 g of compact pale-yellow rice callus tissue (Fig. 2A) and used a scalpel 
or metal spatula to bring all the pieces to roughly the same size. Careful slicing and razor 
exchanges were not needed. An enzymatic cocktail of 1.5% cellulase R10 and 0.1% pectolyase 
or 0.75% macerozyme R10 resulted in a successful breakdown of rice callus tissue cell walls 
while maintaining healthy viable protoplasts (Figs. 2B, C). An additional step of vacuum 
infiltration of the digestion solution with the donor tissue, an approach utilized in other protocols 
11,48, was unnecessary for our method, eliminating a common step, decreasing equipment load, 
and increasing simplicity. Rather, we could simply incubate the callus tissue with 15 mL 
digestion solution with gentle shaking at 70 rpm for 3 hours, less time than is required for 
seedling-derived cells. After digestion, protoplasts were isolated from spent tissue via filtration 
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(Fig. 2D) and centrifugation through a 0.55 M sucrose cushion. A gentle overlay of the cell 
suspension onto the sucrose was found to be a crucial step for optimal yield. If the cells were 
handled crudely and dropped with a force that significantly broke the surface tension of the 
sucrose, the ultimate protoplast yield could be diminished. After centrifugation of the cell 
suspension through 0.55 M sucrose, healthy protoplasts separated from debris and accumulated 
to form a dense band of purified protoplasts at the W5 - sucrose interface (Fig. 2E), bringing the 
protocol to its first optional pause point.  

 

 
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 yellow 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 
 

Here, the method could be paused for one or more days. The band of protoplasts could be 
left undisturbed at the interface for processing at a later time or handled immediately. The 
protoplasts produced from the utilization of this pause point are termed “S protoplasts.”  

To isolate protoplasts from the sucrose cushion, the entirety of the cloudy phase band 
containing the protoplasts was gently pipetted out. This was followed by final washing and 
centrifugation steps to maximize the purity of the protoplasts and eliminate cellular debris. Finally, 
protoplasts were resuspended in MMG solution to a concentration of 2.5 x 106 
protoplasts/mL. Protoplasts could be transfected immediately, or the second optional pause point 
could be employed—storing the protoplasts in MMG solution, termed “M protoplasts,” until 
transfection at a later time.   

Protoplasts isolated from the band on the same day as digestion of the donor tissue cell 
walls were referred to as “Sucrose Cushion Day 0/ MMG Day 0” (S/M0) protoplasts. Those 
isolated from the interface one, two, three, or 7 days after digestion were designated S1, S2, S3, or 
S7 protoplasts, respectively. S/M0 protoplasts, stored in MMG solution and utilized in experiments 
over the following one, two, three, or 7 days after digestion were labeled “MMG Day 1” (M1), 
M2, M3, or M7 protoplasts. 
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2.3 Protoplast viability over time 
 
To ensure the utility of this branched method for protoplast isolation, Evans blue staining 

was used to quantify viable protoplasts in all isolations from the sucrose cushion (S protoplasts) 
as well as protoplasts stored in MMG solution over time (M protoplasts) (Fig. 2F). Healthy intact 
protoplasts derived from this method are colorless, spherical, and resistant to staining.  The 
viability assay indicated that S/M0 isolates yielded the greatest number of live protoplasts, with a 
gradual decrease with the increasing age of the protoplast-containing sucrose cushion. S/M0 
isolates contained approximately 2.5 times the number of protoplasts as S7 isolates. However, it 
is notable that the order of magnitude for the protoplast count remained unchanged between S/M0 
and S7. We show that from 5 grams of rice callus donor tissue, this method yields, on average, 
9.8×106 live protoplasts if isolated on day 0 (S/M0) and 3.9×106 live protoplasts if isolated on day 
7 (S7) (Fig. 3A). This translates to approximately 20 transfection reactions with S/M0 protoplasts, 
and 8 transfection reactions with S7 protoplasts. To compare, 100-120 finely sliced rice seedlings 
are required to obtain approximately the same number of protoplasts as an S/M0 isolation using 5 
g of calli by the current method 46, and which cannot be stored for future use. 

 

 
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.  
 

Viability of M protoplasts was also tracked over time. Though viability decreases 
appreciably from day 2, the concentration of viable M1 protoplasts is comparable to S1 protoplasts 
and only mildly reduced from S/M0 protoplasts, making them an acceptable option for use in 
assays (Fig. 3A). It was also noted that protoplasts held in MMG solution for 7 days appeared 
approximately 1.7X larger (Fig. 3B). This may be attributed to cell growth or osmotic swelling. 
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However, the larger protoplasts displayed a characteristically healthy spherical shape, unstained 
by Evans blue, suggesting that osmotic stress was not occurring.  
 
2.4 Transfection efficiency over time 

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

In existing methods, transfection is performed only on freshly isolated protoplasts. Here, the 
transfection efficiency of both S and M protoplasts of different ages were assayed via PEG-
mediated transfection of pAct1IsGFP-1, a GFP overexpression plasmid 49. 

First, S and M transfection pools were imaged for GFP expression 1 and 2 days after 
transfection (Fig. 4). Protoplasts aggregate over time and the 1 mL pools were not pipetted for 
homogeneity. Rather, a fluorescence stereomicroscope was used to manually scan the sample and 
gather representative images in areas with moderate density of protoplasts. Strong GFP 
fluorescence was detected in both S and M cells 1 and 2 days after transfection.  

Transfection efficiency was calculated 2 days after plasmid transfection as a percentage of 
GFP positive protoplasts over total live protoplasts, as determined by fluorescence microscopy and 
Evans Blue staining on a hemocytometer (Fig. 5). For S/M0 protoplasts, transfection was highly 
efficient, producing 73.5% GFP expressing protoplasts. S1 transfection efficiency was comparable, 
at 69.5%. Taken together with the results from the previously described viability assay, the data 
suggest that S1 protoplasts are comparable in value to freshly isolated S/M0 protoplasts. This 
finding facilitates novel flexibility in research, allowing assays to be performed 24 hours after 
initiation of the protoplast isolation method with little to no loss of efficacy and data. Though 
transfection efficiency declines over time for both S and M protoplasts, it does not fall below 15% 
within 7 days (Fig. 5). Moreover, it is conceivable that certain assays, for example protein 
localization, do not require optimal transfection efficiency or viability. The data provided here 
allow for the informed design and versatile scheduling of protoplast experiments with a quantified 
summary of expected losses of viability and transfection efficiency over time.  
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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.  
 

 
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. The 
transfections were performed in duplicate, with each data point shown. The bar indicates the mean. 
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2.5 Gene editing via Cas9 ribonucleoprotein transfection 
 
Given the flourishing field of genome editing, it was critical to ensure that this method was 

suitable for such studies. To demonstrate this, S/M0 as well as S1 and M1 protoplasts were 
transfected with in vitro assembled Cas9-gRNA ribonucleoproteins targeting a single locus (Fig. 
6). For comparison with protoplasts isolated via a previously published method 11, protoplasts 
derived from rice seedlings were also transfected. Editing at the Cas9 cleavage site was identified 
and quantified through NGS. Editing rates for S/M0 protoplasts and seedling-derived protoplasts 
were similar (Fig. 6), indicating that the present protocol can be used confidently in genome editing 
studies. 

 

 
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. 
 
 
2.6 Discussion 
  

The current study describes an embryogenic rice callus-derived protoplast isolation method 
that avoids the growth of numerous rice seedlings or induction and maintenance of a suspension 
culture. It also includes optional pause points during and after protoplast isolation. The ability to 
pause the protocol as well as utilize viable stored M protoplasts increases flexibility in schedules 
and experimentation for researchers. Because the process of obtaining donor material through 
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isolation of protoplasts and transfection is performed under sterile conditions in its entirety, the 
protoplasts can be maintained without contamination for time course experiments from 
transfection through subsequent 7 days or longer.  In addition, we demonstrate that the protoplasts 
produced from this method are competent for transfection of both DNA and RNPs, suitable as 
transient expression systems, and effective for CRISPR-Cas9 based genome editing assays. 
 
2.7 Materials and Methods 
 
Plant materials 

Plants of rice (Oryza sativa L.) cultivar, Nipponbare, were grown in a greenhouse at 16/8-
h photoperiod intervals (250-300 µmol m-2s-1), 27 °C and 22 °C, respectively. 
 
Reagents and solutions 

Recipes for callus induction media, digestion solution, W5 solution, MMG solution, WI 
solution, and PEG-CaCl2 solution are listed in Table 1. All solutions are 0.2 µm filter sterilized. 
   
Callus induction and subculture 

Mature seeds of rice were used to induce callus tissue. Briefly, dehulled mature seeds were 
surface sterilized for 15-20 minutes in 20% (v/v) bleach (5.25% sodium hypochlorite) plus one 
drop of Tween 20 followed by three washes in sterile water and placed on OsCIM2 callus induction 
medium (Table 1). After 7-14 days, the coleoptiles and endosperm tissues were removed from the 
mature seeds and the translucent, pale-yellow nodular calli were transferred onto fresh OsCIM2 
every three to four weeks for subculture.  
 
Protoplast isolation 

All exposed steps were performed under sterile conditions within a laminar flow hood. 
After enzymatic digestion of tissue, all pipetting of protoplasts was performed with sterile 1 mL 
tips with the top 0.25 cm removed. Five to six grams of compact, nodular callus tissue were 
collected from subcultured OsCIM2 plates and gently crumbled using the edge of a metal spatula 
or scalpel in a deep 25×100 mm petri dish with 15 mL of digestion solution. The petri dish was 
incubated in the dark in a room temperature shaker at 70 rpm for 3 hours until the digestion solution 
appeared milky. 

The protoplast-filled digestion solution was first filtered through a Falcon 100 µm nylon 
cell strainer (352360; BD Biosciences, San Jose, CA, USA) in a sterile petri dish and then through 
a Falcon 40 µm nylon cell strainer (352340; BD Biosciences). The protoplast solution was 
transferred to a 50 mL conical tube and centrifuged for 5 minutes at room temperature at 150xg. 
The supernatant was discarded, and the protoplast pellet was gently resuspended in 8 mL W5 
solution. Separately a fresh 50 mL conical tube with 10 mL of 0.55 M sucrose was prepared. The 
cell suspension was gently pipetted onto the sucrose cushion such that the cell suspension floated 
on top, then centrifuged at 1000xg without deceleration for 5 minutes. 

At this stage, the isolation process could be paused until subsequent days, or continued 
immediately. If the pause point was utilized, the tube was stored at room temperature, upright, 
undisturbed, and away from direct light.   

The intermediate cloudy phase, containing live protoplasts, was pipette extracted and 
mixed with 10 mL W5 solution in fresh tubes. The suspension was centrifuged for 5 minutes at 
room temperature at 150xg. The supernatant was removed, and the pellet gently resuspended in 5 
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mL of MMG solution. The suspension was once again centrifuged for 5 minutes at room 
temperature at 150xg. The protoplast pellet was resuspended in 4 mL of MMG, or enough to bring 
the final cell concentration to 2.5×106 cells/mL as calculated by microscopy on a hemocytometer. 
  
Protoplast viability 

One µL of 1% Evans blue (E2129; Sigma-Aldrich Corp., St Louis, MO, USA) was added 
to 25 µL protoplast suspension. The protoplasts were viewed on a hemocytometer under a light 
microscope. Live protoplasts, which remained unstained, were counted and total live protoplasts 
per milliliter were calculated. Dead protoplasts and debris were stained blue. 
  
Protoplast transfection 

PEG-mediated transfection was performed, guided by previously published methods 11,50 
with modifications. In a sterile 1.5 mL tube, 10 µg of 250 ng/µL plasmid DNA pAct1IsGFP 49 
were added to 200 µL of protoplasts suspension (5×105 total cells), gently flicked and inverted to 
mix thoroughly, and incubated at room temperature in the dark for 5 minutes. Two hundred forty 
µL of PEG-CaCl2 solution were added, and the tube inverted gently several times until fully mixed. 
This was further incubated at room temperature in the dark for 20 minutes. After incubation, 800 
µL of W5 solution were added to stop the reaction, inverted gently several times until fully mixed, 
and centrifuged at 200xg for 5 minutes. The supernatant was carefully pipetted for removal, 
reserving the protoplast pellet. The protoplast pellet was resuspended with gentle inversions and 
minimal pipetting in 1 mL WI solution and transferred into a 12-well tissue culture plate. The plate 
edges were sealed with parafilm and incubated in the dark at 26 °C for 48 hours until they were 
utilized for light microscopy to measure protoplast viability on a hemocytometer and GFP 
fluorescence using a Zeiss Axio Imager (Carl Zeiss Microscopy LLC, White Plains, NY) and a 
Leica M165 fluorescence microscope (Leica Microsystems Inc., Buffalo Grove, IL).  
 
Rice protoplast genome editing and amplicon next generation sequencing analysis 

Protoplasts were transfected with Cas9 RNPs based on a previous study, with modifications 
51. A 1:1 ratio of tracrRNA and target specific crRNA (Integrated DNA Technologies, Coralville, 
IA) were annealed to form gRNA. Ten µg Cas9 protein (Macrolab, University of California, 
Berkeley, CA) and 10 ug gRNA were incubated at 37 °C for 20 minutes in a total 25 µL to assemble 
the Cas9 RNPs. Protoplast transfection was performed, as described above, using 25 µL RNPs 
instead of plasmid DNA. Forty-eight hours post-transfection, the protoplasts were harvested for 
CTAB-chloroform genomic DNA extraction. To determine mutation rates by amplicon 
sequencing, PCR was performed with target specific primers, amplifying approximately 300 bp 
around the cut site using Q5 High-Fidelity (New England Biolabs, Ipswich, MA) polymerase. 
Primers contained a 5’-stub compatible with Illumina NGS library preparation. PCR products were 
ligated to Illumina TruSeq adaptors and purified. Libraries were prepared using a NEBNext kit 
(Illumina) according to the manufacturer’s guidelines. Samples were deep sequenced on an 
Illumina MiSeq at 300 bp paired-end reads to a depth of approximately 10,000 reads per sample. 
Cortado (https://github.com/staciawyman/cortado) was used to analyze editing outcomes. Briefly, 
reads were adapter trimmed and then merged using overlap to single reads. These joined reads 
were then aligned to the target reference sequence. Editing rates are calculated by counting any 
reads with an insertion or deletion overlapping the cut site or occurring within a 3 base pair window 
on either side of the cut site.  SNPs occurring within the window around the cut site are not counted. 
Total edited reads are then divided by the total number of aligned reads to get percent edited. 
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CHAPTER 3. Cas9-mediated homozygous knockouts of rice blast susceptibility gene 
orthologs in wheat 
 
3.1 Introduction 

 
Wheat (Triticum aestivum) is a critical crop that provides a major source of calories to the 

global population 52. Due to its essential role in food security, it is important to develop technology 
to explore allelic diversity and precisely control agronomic traits to produce robust varieties. As 
the population grows, the climate changes, and diseases develop and spread, the wheat germplasm 
needs to be enhanced to provide higher yields and withstand new environmental conditions and 
pathogens. Conventional breeding efforts have been imperative to this end 53, but the genetic 
complexity of the crop inflicts difficulty. The Triticum aestivum genome is approximately 17 Gb 
and allohexaploid (AABBDD), the result of hybridization events from three progenitor diploid 
species 54,55. Because of this, most wheat genes exist as 3 homoeologous, but not necessarily 
identical, copies across the A, B, and D genomes. This redundancy and complexity due to 
allopolyploidy has made breeding and genetic manipulation in wheat challenging.  

Gene editing by way of programmable target-specific nucleases has been revolutionary for 
precision breeding and functional genomics in wheat 6. Clustered regularly interspaced short 
palindromic repeat associated protein 9 (Cas9), an RNA guided endonuclease 5, has emerged as a 
choice reagent due to its simple, modular, and precise gene editing system. Cas9, guided by RNA 
designed for sequence specificity, cleaves double stranded DNA. The host’s endogenous repair 
mechanisms are triggered by the break, and non-homologous end joining, the dominant and often 
error-prone pathway in plants, can result in insertions or deletions at or near the site of cleavage 
and leads to new alleles or premature stop codons 56. The process is of high value in wheat because 
systematic design of guide (gRNA) can conceivably allow for simultaneous mutation of all 
homoeologous genes, generating true gene knockouts in the allohexaploid genome. The delivery 
of DNA plasmids encoding Cas9 gene editing reagents to target wheat trait genes has been 
described using both Agrobacteria and particle bombardment 17-21.   

Blast is a major agronomic disease of concern affecting wheat, rice, and other grass species. 
It is caused by the hemibiotrophic ascomycete fungus, Magnaporthe oryzae. Within the fungal 
species, there exists a high degree of host specificity 13. M. oryzae that is pathogenic on rice and 
responsible for the destruction of 10-30% of global rice harvests 57, does not infect wheat 58. In 
fact, wheat blast was first observed in 1985 in Paraná, Brazil 14,59 and subsequently spread through 
South America. In 2016, it was found in Bangladesh, and affected 15% of the country’s wheat 
crop 59. Wheat blast disease is caused by Magnaporthe oryzae pathotype Triticum (MoT) and is 
genetically distinct from, but closely related to, rice-infecting isolates 60. It causes severe yield 
losses, posing an imminent threat to current and future food security. The utilization of Cas9 gene 
editing in wheat to reduce susceptibility to infection by MoT is promising.  

Currently, few blast resistance (R) genes have been identified in wheat species 61. These 
include Rmg8 and RmgGR119 62,63, which can confer high resistance, but have been found to be 
overcome by a MoT effector gene 64. The arms race between plant R genes and pathogenic effectors 
is a hallmark of plant-pathogen interactions. Because of this, breeding for R gene mediated disease 
resistance does not always provide durability. As an alternative, targeting negative regulators of 
resistance, or susceptibility (S) genes, for mutation or knock-out may be a viable method for 
obtaining blast disease resistance in wheat.  
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Genes conferring susceptibility to M. oryzae have been characterized in rice. One such 
gene is Pi21 (Os04g0401000). The wild type gene codes for a proline-rich protein with a putative 
heavy metal binding domain. Two in-frame deletions give rise to a recessive allele, pi21, providing 
partial and race-nonspecific resistance to rice blast. RNAi mediated knockdown confers partial 
resistance, indicating that a knock-out may provide the same or perhaps increased resistance. The 
gene is closely linked to a locus responsible for poor taste, making it difficult to utilize via classic 
breeding 15. Another negative regulator of resistance characterized in rice is Bsrk-1 
(Os10g0548200). The recessive allele, bsr-k1, identified from an ethyl methanesulfonate (EMS) 
mutagenized rice population, confers resistance as a result of early termination of a 
tetratricopeptide repeat (TPR) containing protein. The truncated protein fails to bind phenylalanine 
ammonia-lyase mRNAs, leading to an accumulation of those transcripts, subsequent enrichment 
of lignin, and increased broad spectrum resistance to both M. oryzae and Xanthomonas oryzae. 
Bsr-k1 knockout rice lines were also found to be resistant 16. 

Here, we target putative wheat orthologs of the rice blast susceptibility genes, Pi21 and 
Bsrk-1 for Cas9-mediated gene editing. Given the family level phylogenetic relationship between 
rice and wheat, we reason that those orthologous genes may retain similar function. In recent work, 
driven by analogous reasoning, authors located putative wheat orthologs of two rice blast S genes, 
Bsrd-1 and Bsrk-1. Using Targeting Induced Local Lesions IN Genomes (TILLING) by 
sequencing in an EMS population, they uncovered single nucleotide polymorphisms in the genes 
of interest that would lead to loss of function 65. However, they did not generate plants with 
homozygous knockouts of either S gene. In the current study, we computationally identify putative 
wheat Pi21 (TaPi21) and wheat Bsrk-1 (TaBsrk-1) and design Cas9-based editing by plasmid 
particle bombardment to target them independently for full knockout in regenerable wheat 
immature embryos (IEs). We develop 3-plasmid and 1-plasmid gene editing schemes and describe 
an increase in editing efficiency by heat treatment of the bombarded IEs. We also present analysis 
of the distribution of editing depth across the 6 targeted homoeoalleles in each of 93 regenerated 
TaBsrk-1 targeted plants, demonstrating the production of homozygous susceptibility gene 
knockouts across all three genomes of a wheat plant within the first (T0) generation. Lastly, 
however, we find that homozygous disruptive mutations in all homoeologous copies of TaPi21 or 
TaBsrk-1 do not yield detectable resistance to infection by either MoT or Xanthomonas translucens. 
 
 
3.2 Identification of Pi21 and Bsrk-1 wheat orthologs 
 

To identify wheat orthologs of Pi21 and Bsrk-1, we performed a BLAST search of the 
International Wheat Genome Sequencing Consortium (IWGSC) Triticum aestivum genome 
assembly via EnsemblPlants using rice Pi21 (Os04g0401000/ LOC_Os04g32850) and rice Bsrk-
1 (Os10g0548200) as queries 15,16.  

A previous study reported that no orthologs of Pi21 were identified in wheat 65, however, 
we identified putative orthologs in three wheat sub-genomes with new annotation version v2.1. 
These were TraesCS2A03G0723000.1 (TaPi21A), TraesCS2B03G0799000LC.1 (TaPi21B), and 
TraesCS2D03G0666600LC.1 (TaPi21D), though two out of the three had low confidence of 
annotation. TraesCS2B03G0799000LC.1 was manually re-annotated for further analysis due to 
poor annotation in the reference. Using Clustal 2.1, a percent identity matrix was generated, 
revealing just under 60% amino acid sequence identity between the wheat and rice orthologs, and 
greater than 89% amino acid sequence identity between the A, B, and D subgenome homoeologs 
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(Table 2). Synteny analysis revealed that blocks with Pi21 and Pi21 orthologs were conserved 
among rice and the three wheat sub-genomes, even though the size of the blocks varied. We 
explored the genomic regions and found seven genes in rice and six genes in wheat (two genes in 
each sub-genome) that contained putative heavy-metal-transport/detoxification protein domains 
(Fig. 7). The domain sequences of the genes were conserved across all sequences (Fig. 8). A 
phylogenetic tree with these genes showed homologous relationships among the Pi21 and Pi21-
like genes (Fig 9).  
 
Table 2: Percent identity matrix comparing amino acid sequence identity of Pi21 orthologs 

  OsPi21 TaPi21A TaPi21B TaPi21D 

OsPi21 100 59.09 58.78 59.03 

TaPi21A 59.09 100 89.64 92.19 

TaPi21B 58.78 89.64 100 91.85 

TaPi21D 59.03 92.19 91.85 100 
 
 
 
 

 
Figure 7. Synteny analysis of rice and wheat Pi21 genomic regions.  
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Figure 8. Multiple sequence alignment of Pi21 orthologs 
 

 
Figure 9. Phylogenetic tree of Pi21 orthologs. The maximum likelihood tree was constructed with 500 
bootstrap replications. 
 

TraesCS1A02G207700 (TaBsrk-1A), TraesCS1B02G221400 (TaBsrk-1B), and 
TraesCS1D02G211000 (TaBsrk-1D) were identified as putative orthologs of rice Bsrk-1, 
consistent with previous findings 65. Synteny analysis showed that regions containing Bsrk-1 and 
Bsrk-1 orthologs were conserved between rice and wheat (Fig. 10). Using Clustal 2.1, a percent 
identity matrix was generated, revealing approximately 80% amino acid sequence identity between 
the wheat and rice orthologs, and greater than 93% amino acid sequence identity between the A, 
B, and D subgenome homoeologs (Table 3). The pattern and number of TPR domains were 
conserved across all sequences. Taken together, these analyses indicated that we identified 
confident wheat orthologs of Pi21 and Bsrk-1. 
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Table 3: Percent identity matrix comparing amino acid sequence identity of Bsrk-1 
orthologs 
  

OsBsrk-
1 

TaBsrk-
1A 

TaBsrk-
1B 

TaBsrk-
1D 

OsBsrk-1 100 81.55 78.55 80.37 

TaBsrk-
1A 

81.55 100 93.92 97.22 

TaBsrk-
1B 

78.55 93.92 100 93.49 

TaBsrk-
1D 

80.37 97.22 93.49 100 

 
 
 
 

 
 
Figure 10. Synteny analysis of rice and wheat Bsrk-1 genomic regions.  
 
3.3 Generating mutations in TaPi21  
 

We employed a three-plasmid biolistic approach for Cas9-mediated gene editing to 
generate site specific mutations in TaPi21 homoeologs. To do so, we utilized the co-bombardment 
of three plasmids pAct1|HPT-4 66, pJET1.2-OsUbi-Cas9-NosT, and pU6-gRNA[TaPi21gC+gD]. 
Stable expression of the construct pAct1|HPT-4 allowed for plant tissue culture selection on the 
antibiotic, hygromycin B. Meanwhile, Cas9 with two nuclear localization signals was expressed 
from pJET1.2-OsUbi-Cas9-NosT. Lastly, pU6-gRNA[TaPi21gC+gD] expressed two gRNAs, 
Pi21gC and Pi21gD, each designed to target all six alleles of TaPi21, in the second exon. The three 
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plasmids, mixed in equal amounts by weight, were precipitated onto gold microparticles and 
bombarded with high pressure into wheat immature embryos. These were maintained for 
regeneration under selection, and 11 resultant hygromycin resistant T0 plantlets were transplanted 
to soil. Unfortunately, due to overheated greenhouse conditions, all but one T0 plant was killed. 
The single surviving line, Pi21/60B, produced a mere five T1 seeds from self-fertilization, which 
we subsequently planted. Remarkably, two of these T1 plants, Pi21/60B-1 and Pi21/60B-5, had 
homozygous mutations in all three homoeologs of TaPi21 (Table 4). In genome A for both lines, 
the +1 bp homozygous mutation caused a premature stop codon and a 54 amino acid truncation in 
the typically 283 amino acid protein. Although this is a significant truncation, it is not certain if 
the protein product was left nonfunctional by this mutation. In genome B for both lines, the 
homozygous mutation was a 493 bp deletion spanning from the Pi21gC cleavage site to 1 bp 3’ of 
the Pi21gD cleavage site. It is highly likely that such a large deletion would leave the typically 306 
amino acid genome B product nonfunctional. In genome D, for line Pi21/60B-1, the +1 bp 
homozygous mutation caused a premature stop codon resulting in a 159 amino acid truncation. In 
genome D, for line Pi21/60B-5, the -1 bp homozygous mutation caused a premature stop codon 
resulting in a 235 amino acid truncation. The wildtype protein product of TaPi21D is 308 amino 
acids. Lines Pi21/60B-1 and Pi21/60B-5 were followed to the T2 and T3 generations. The 
homozygous mutations generated from Cas9-mediated editing were maintained and detected in all 
plants. 
 
Table 4: Summary of T1 Pi21 Cas9-targeted lines 
  Genome A Genome B Genome D 
T1 Line Guide Mutation Type Mutation Type Mutation Type 

Pi21/60B-1 
Pi21gC +1 Homozygous Deletion 

spanning guides Homozygous 
None WT 

Pi21gD None WT +2 Homozygous 

Pi21/60B-2 
Pi21gC +1 Homozygous Deletion 

spanning guides Homozygous 
None WT 

Pi21gD -3 Heterozygous +1 Heterozygous 

Pi21/60B-3 
Pi21gC None WT Deletion 

spanning guides Homozygous 
None WT 

Pi21gD +1 Homozygous +1 Heterozygous 

Pi21/60B-4 
Pi21gC +1 Homozygous -2 Homozygous None WT 

Pi21gD -3 Heterozygous -1 Homozygous +1 Heterozygous 

Pi21/60B-5 
Pi21gC +1 Homozygous Deletion 

spanning guides Homozygous 
None WT 

Pi21gD None WT -1 Homozygous 
 
3.4 Generating mutations in TaBsrk-1 
 

In contrast to our efforts in TaPi21 we utilized a single plasmid, pCam-2xU6-
gRNAef[TaBsrk1g8+g38], to edit TaBsrk-1 homoeologs. The construct encoded hygromycin 
phosphotransferase for selection, Cas9 with two nuclear localization signals, and two gRNAs, 
TaBsrk1g8 and TaBsrk1g38, each designed to target all six alleles of TaBsrk-1 in the first and 
fourth exon, respectively. Plasmid DNA was precipitated onto gold microparticles and bombarded 
with high pressure into wheat immature embryos. The bombarded embryos were divided into three 
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subsets. The first underwent the standard plant tissue culture process for regeneration. The other 
two were subjected to either 30°C or 37°C treatment at four days post-bombardment for 16 hours. 
In total, 93 regenerated T0 plantlets were recovered from hygromycin selection and transplanted 
to soil.  
 
3.5 Analysis of editing outcomes and temperature treatment in Bsrk-1 targeted T0 
regenerants 
 

We utilized amplicon next generation sequencing (NGS) to genotype each of the 93 T0 
plants. Primers for PCR were designed to amplify TaBsrk-1 sequences from all three subgenomes 
in a single reaction. Single nucleotide polymorphisms that are unique to each subgenome allowed 
for the deconvolution of data and assignment of the alleles detected to either the A, B, or D genome. 
Analysis revealed that TaBsrk1g8 yielded no Cas9 mediated editing in any of the regenerants. 
Therefore, all data presented here represent gene editing at the TaBsrk1g38 cleavage site. Analysis 
of the editing outcomes is summarized in Figure 11. More than 50% of the regenerated T0 plants 
were found to contain edits in a minimum of one out of the six alleles targeted. Notably, 20% of 
the plants had homozygous or biallelic mutations in all three homoeologs, demonstrating that 
generating triple homozygous or biallelic mutants of allohexaploid wheat is feasible within the 
first generation. All mutations generated resulted in a premature stop codon in the fifth of twenty-
two exons of TaBsrk-1. This termination results in a major truncation that eliminates a portion of 
the protein product’s TPR domain. In addition to the analysis of total genotypes in this study, we 
further analyzed gene editing outcomes in TaBsrk-1 based on temperature treatment (Figure 12). 
We found that treating the biolistically transformed IEs at 30°C or 37°C four days after 
bombardment for 16 hours yielded higher editing rates compared to the standard 26°C treatment. 
 

 
 

Figure 11. T0 editing outcomes from TaBsrk-1 targeting. Over half of all selected 
regenerants were edited in at least 1 of the 6 targeted alleles, 38% were edited in all 3 homeologs, 20% 
had homozygous or biallelic mutations in all 3 homeologs, and 3% had exclusively homozygous 
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mutations in all 3 homeologs. All Cas9 induced mutations resulted in a premature stop codon within the 
coding sequence, rendering the susceptibility gene nonfunctional. 
 

 
Figure 12. Analysis of TaBsrk-1 editing based on temperature treatment. Of 
the 93 plants, subsets were regenerated from transformed embryos that were treated at 26°C, 30°C, or 
37°C for 16 hours during recovery prior to callus induction. Only 37°C treated embryos gave rise to any 
plants with homozygous mutations in all three homoeologous genes. The data show a trend toward 
increased rate and breadth of editing in embryos treated at 37°C after 
bombardment compared to 26°C and 30°C treatments. 
 
3.6 Knockout of Pi21 or Bsrk-1 wheat orthologs do not confer resistance to Xanthomonas 
translucens or Magnaporthe oryzae pathotype Triticum 
 

In rice, loss of function mutation or RNAi knockdown of Pi21 yielded incomplete but 
durable resistance to infection by M. oryzae 15. Similarly, loss of function mutation or Cas9-
mediated knockout of Bsrk-1 led to broad spectrum resistance to both M. oryzae and X. oryzae 16. 
Wheat pathogens that are analogous to rice-infecting M. oryzae and X. oryzae are MoT and the 
bacteria Xanthomonas translucens, respectively. To determine if triple homozygous mutations in 
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TaPi21 or TaBsrk-1 could confer similar resistance, M2 plants were subjected to inoculation by 
these pathogens.  

The X. translucens line, M1(Tal2) 67, was inoculated by syringe infiltration into the lines 
M2-Pi21/60B-1, M2-Pi21/60B-5, and TaBsrk-1 triple homozygous mutant lines, M2-Bsrk-1/18-10, 
and M2-Bsrk-1/19-6, alongside wildtype Fielder wheat plants. We generated infection curves by 
determining the number of X. translucens colony forming units per square centimeter of inoculated 
leaf tissue at 0, 3, 7, 11, and 14 days post inoculation (Figure 13). There were no significant growth 
differences between the homozygous triple mutant lines and the wildtype control. Therefore, none 
of these mutant lines exhibited any level of resistance to infection by X. translucens.  

 

 
Figure 13. Xanthomonas translucens growth curves.  

 
Inoculations to determine response to MoT infection were performed on the edited line M2-

Pi21/60B-1, its corresponding wildtype control Fielder, Bob White, a susceptible cultivar, and 
Urubo, a resistant cultivar. This work was carried out under biosafety level-3 (BSL-3) conditions 
at the Biosecurity Research Institute (BRI) in Manhattan-KS. Plants were randomized with two 
replications, with two to five heads inoculated per replicate. Disease severity average of the heads 
within a pot was considered as the replication and it was used in the statistical analyses. Three 
monosporic isolates were used for this experiment. Isolate T-25, collected in the state of Parana 
(Brazil) in 1988; isolate B-71, collected in Okinawa (Bolivia) in 2012; and isolate 16MoT001 
collected in Passo Fundo – RS (Brazil) in 2016. T-25 was classified as race 1 and it is considered 
as a less-aggressive isolate; and isolates B-71 and 16MoT01 were classified as race 2 and are 
considered as aggressive isolates. The MoT isolate T-25, yielded the lowest disease severity, 
followed by B-71. The 16MoT01 isolate was significantly more aggressive on all genotypes 
compared to isolates T-25 and B-71. Despite the numerical differences between the mutant lines 
(M2-Pi21/60B-1, M2-Pi21/60B-5, M2-Bsrk-1/18-10) and Fielder wildtype, these differences were 
not statistically significant (p < 0.05) for any of the three isolates (Table 5). 
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Table 5: Wheat head blast severity (%) for the Cas9-edited M2 lines, Fielder wildtype, plus 
susceptible (Bob White) and resistant checks (Urubo) for each of the three isolates used. 

MoT isolate Wheat line Disease severity 
% 

T-25 

Bob White 95.65 

Urubo 1.75 

M2-Pi21/60B-1 62.9 

M2-Bsrk-1/18-10 60.5 

M2-Bsrk-1/19-6 56.8 

Fielder Wildtype 57.3 

B-71 

Bob White 91.25 

Urubo 9.0 

M2-Pi21/60B-1 70.0 

M2-Bsrk-1/18-10 73.5 

M2-Bsrk-1/19-6 77.8 

Fielder Wildtype 76.5 

16MoT01 

Bob White 95.4 

Urubo 14.6 

M2-Pi21/60B-1 86.5 

M2-Bsrk-1/18-10 88.3 

M2-Bsrk-1/19-6 90.2 

Fielder Wildtype 91.3 
 
3.7 Discussion 
 

In this study, we identified three homoeologous wheat orthologs each of the rice blast 
susceptibility genes, Pi21 and Bsrk-1. We generated a full array of edited genotypes, including 
triple homozygous and biallelic knockout lines by using plasmid bombardment-based Cas9-
mediated gene editing on wheat IEs to target the homoeologous genes. We also demonstrated that 
increased temperature treatment leads to higher rates of editing.  

In addition to the challenges of suboptimal greenhouse conditions, the limitations of the 
three-plasmid approach to generate edits in TaPi21 were clear. Because the gene editing reagents 
and hygromycin selection gene all existed independently on separate DNA constructs, heavy 
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reliance was placed on successful co-delivery of all three plasmids into the same embryonic cell, 
without verification checkpoints throughout the experiment. This led us to the single-plasmid gene 
editing approach to generate TaBsrk-1 mutants, in which the single construct encoded the gene 
editing reagents, Cas9 and gRNA, and the hygromycin resistance cassette. We chose to regenerate 
almost 100 plants and systematically genotype every T0 regenerant. More than 50% of the plants 
contained edits in at least one allele of at least one TaBsrk-1 homeolog. Moreover, 20% of the 
regenerated plants contained homozygous or biallelic mutations in all three homoeologous TaBsrk-
1 genes. This result is significant because it demonstrates that this method can be used to generate 
fully homozygous triple knockouts in allohexaploid wheat and eliminate the need for any 
additional crosses. Our results showing increased editing efficacy of higher temperature treatment 
is consistent with prior studies 68,69, further solidifying the idea that Cas9, an endonuclease derived 
from bacteria with optimal physiological temperature of 37°C, activity in plants is improved at 
temperatures approaching 37°C. 

Finally, we found that our Cas9-mediated triple homozygous knockouts of TaPi21 or 
TaBsrk-1 did not confer resistance to infection by Magnaporthe oryzae pathotype Triticum or 
Xanthomonas species despite what was described in the knockouts of the rice orthologs 15,16. This 
result is, perhaps, unsurprising since the wheat genome, at 17 Gb, is 40x larger than the 389 Mb 
rice genome. The large, allohexaploid wheat genome may potentially contain functional 
redundancy of TaPi21 and TaBsrk-1. Therefore, a full knockout of the gene may still be 
complemented by protein products with analogous function. Also, given divergent evolution of 
MoT from rice-infecting M. oryaze, there may be genetic differences governing virulence and 
pathogenicity. These results suggest that identifying wheat MoT resistance based on knowledge 
associated with rice blast resistance is not necessarily robust, and a deeper understanding of the 
MoT-wheat interaction is required. 
 
3.8 Materials and Methods 
 
Plant material  

Triticum aestivum L. cv. Fielder, Triticum aestivum L. cv. Urubo, Triticum aestivum L. cv. 
Fielder, and Triticum aestivum L. cv. Bobwhite  were used for this study.  
 
Sequence analysis of Pi21 and Bsrk-1 orthologs in rice and wheat 

The protein sequences were aligned with MAFFT and the alignment of the domain was 
used to construct a maximum-likelihood tree using RAxML with 500 bootstrap replications. 
Annotation information of rice (RGAP v7) and wheat (iwgsc_refseqv2.1) were used for synteny 
analysis using MCScanX. The gff information of the genes were extracted and used to illustrate 
the synteny blocks. 
  
Plasmid constructs 

Plasmids, pAct1IHPT-4, pAct1IDsRED, pJET1.2-OsUbi-Cas9-NosT, pU6-
gRNA[TaPi21gC+gD], and pCam-2xU6-gRNAef[TaBsrk1g8+g38] were used. 

pAct1IHPT4 66 and pAct1IDsRED contain hygromycin phosphotransferase (hpt) and 
DsRED genes, respectively, each under control of the rice actin 1 promoters, its intron (act1I) and 
the nopaline synthase 3’ terminator. 

The backbone pJET1.2/blunt and CloneJET PCR Cloning Kit (ThermoFisher, Waltham, 
MA) were used to create pJET1.2-OsUbi-Cas9-NosT, containing Cas9 with N-terminal 3X FLAG, 
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SV40 NLS, C-terminal nucleoplasmin NLS and FLAG, regulated by the promoter of the rice 
polyubiquitin gene RUBQ2 and the nopaline synthase 3’ terminator.  
 
Gold particle preparation for bombardment 

Plasmid DNA was precipitated onto 0.6 μm gold particles (#1652262, Bio-Rad, Hercules, 
CA) using CaCl2 and spermidine. Briefly, 2 mg sterile gold particles were mixed with 5 μg of 
DNA in a total volume of 30 μl. To precipitate the DNA, 25 μl 5 M CaCl2 and 20 μl 0.1 M 
spermidine were added and incubated on ice for 10 min. Samples were centrifuged at 14K rpm for 
2 min, and the supernatant removed. Gold particles were rinsed with 500 μl cold 100% EtOH and 
incubated on ice for another 10 min, then centrifuged and the supernatant removed. The samples 
were resuspended in 85 μl 100% EtOH and distributed in 7.5 μl aliquots across the center of 10 
macrocarriers. The gold particle covered macrocarriers were dried in a laminar flow hood. Each 
macrocarrier was used for a single bombardment.  
 
Immature embryo bombardment and regeneration 

Plants were grown at 24°C, 16-hour days and 15°C, 8-hour nights under light intensity of 
130 μmol m-2s-1. Immature seeds containing IEs, sized 1.7-2.2 mm were harvested from wheat 
spikes 10-13 days after flowering, surface sterilized in 20% (v/v) bleach with one drop of Tween 
20 and triple rinsed with sterile water, followed by extraction of the IEs. The IEs were placed on 
DBC3 media 66, scutellum side up and incubated overnight at 26°C prior to biolistic transfection. 
Four hours prior to bombardment, IEs were placed on 40 mm filter paper in the center of DBC3 
osmoticum media containing 0.2 M mannitol and 0.2 M sorbitol 49. Using two prepared 
microcarriers holding plasmid DNA coated gold microparticles, IEs were shot twice using the 
PDS-100/He gene gun (Bio-Rad, Hercules, CA) with rupture pressure of 650 psi. The bombarded 
IEs were transferred from the filter paper directly to the media below and incubated at 26°C 16 
hours. IEs were transferred to standard DBC3 media in dim light (10 μmol m-2s-1 ) at 26°C for 4 
days, followed by incubation at 26°C (standard), 30°C, or 37°C for 16 hours. Plates were returned 
to 26°C for an additional 3 days of rest. Following the resting period, embryos were placed on 
DBC3 media containing 30 mg/l hygromycin B for selection, with 3 rounds of weekly subculturing. 
Callus tissue originating from each IE was transferred to DBC6 media 70. Resultant plantlets were 
transferred to rooting media and incubated in high light (90 μmol m-2s-1 ) at 26°C and grown to 4-
6 inches before being transplanted to soil. 
 
Genotyping by amplicon next generation sequencing  

To analyze genotypes by amplicon sequencing, PCR was performed with target-specific 
primers on genomic DNA obtained by CTAB extraction, amplifying approximately 225 bp around 
the cut site using Phusion High Fidelity (New England Biolabs, Ipswich, MA) polymerase. Primers 
contained a 5′-stub compatible with Illumina NGS library preparation. PCR products were ligated 
to Illumina TruSeq adaptors and purified. Libraries were prepared using a NEBNext kit (Illumina, 
San Diego, CA) according to the manufacturer’s guidelines. Samples were deep sequenced on an 
Illumina MiSeq at 2x300 bp paired-end reads to a depth of 10,000 – 100,000 reads per sample. 
Cortado (https://github.com/staciawyman/cortado) was used to analyze editing outcomes. Briefly, 
reads were adapter trimmed then merged using overlap to single reads. These joined reads were 
then aligned to the A, B, and D subgenome target reference sequences. 
 
 



26 
 

MoT inoculum production, inoculation, and disease rating 
Inoculum production, inoculation procedure, and disease rating followed protocol 

previously described71.MoT cultures were grown on homemade oatmeal agar 72 and when 
sporulating cultures were 8-days old, they were flooded with a mixture of sterile deionized water 
with 0.42% unflavored gelatin and 0.01% Tween 20, stirred to dislodge conidia from 
conidiophores, and filtered with four layers of sterile cheesecloth to eliminate mycelium and any 
remaining agar medium. The spore concentration was adjusted to 20,000 spores ml-1 of suspension. 
An amount of 0.75 ml of the spore suspension was individually applied to each wheat head 
approximately 2 days after full head emergence (Feekes GS 10.5, Large 1954) using an airbrush 
(model 69492, Harbor Freight Tools, Camarillo, CA). To provide the optimal conditions for MoT 
infection, the heads were covered with black plastic bags (model S-12322BL, ULINE) moistened 
with water for 48 hours immediately following spore suspension application. Disease severity was 
evaluated every other day, starting at eight until 16 days after inoculation, where each head was 
individually rated for the percentage of affected spikelets in a 0 to 100% scale. Disease severity 
was assessed on multiple days to characterize disease progress. However, for statistical purposes, 
we used the data collected when the susceptible check reached 90% or more of disease severity, 
which was different for each isolate. Data were analyzed using SAS Version 9.2 (SAS Institute, 
Cary, NC, 2001). We analyzed the disease severity evaluated at 10 days for isolate T-25 and at 8 
days for isolates B-71 and 16MoT01 (i.e., susceptible check averaged 90% or more of disease 
severity) after inoculation using PROC GLIMMIX. 
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CHAPTER 4. Impact of temperature and time on DNA-free Cas9-ribonucleoprotein 
mediated gene editing in wheat protoplasts and immature embryos 
 
4.1 Introduction 
 

Amidst a rapidly growing population and threats posed by climate change and disease, 
there exists a need for the advancement of crop biotechnology to increase the speed and precision 
of crop varietal development. Cas9 has emerged as a plant gene editing tool of choice for its 
accuracy and programmability to engineer allelic diversity for beneficial traits to support global 
food security. Guided by RNA, Cas9 efficiently makes sequence-specific double-stranded breaks 
in genomic DNA 5. The host’s double-stranded break repair mechanisms are then elicited. Non-
homologous end joining (NHEJ), the predominant and often error prone pathway in plants, can 
lead to insertions or deletions (indels) at the Cas9 cut site upon repair 56. Exploitation of this system 
allows for targeted knockout of endogenous genes. 

Cas9 and guide RNA (gRNA) encoding plasmid DNA systems have been developed and 
delivered to plant and major crop species including Arabidopsis 73, potato 74,75, tomato 76,77, 
soybean 78, maize 79,80, barley 81,82, rice 83, and wheat 17 by Agrobacterium tumefaciens or particle 
bombardment. These methods rely on random integration of Cas9-gRNA cassettes into the genome, 
and optimization of expression for each plant system. As a result, the gene editing process is 
encumbered by variables such as promoter and terminator choice when cloning constructs and 
copy number and integration location of transgenes upon transformation. Additionally, gene 
editing by these methods raise transgenic regulatory concerns. Regulation aside, transgenes can 
often be segregated away through breeding, but the process is laborious, time consuming, and 
particularly difficult for plants with complex genomes. Moreover, crops with lengthy generation 
times or those that are vegetatively propagated, such as cassava and banana, cannot be bred to 
segregate transgenes. There have been reports in which plant gene editing has been achieved by 
transient expression of Cas9 and gRNA 84,85, however full experimental control over the fate of 
transgene integration and tracking has not been achieved. For these reasons, there is a clear need 
for advances in DNA-free genome editing technology. 

The direct delivery of preassembled Cas9-gRNA ribonucleoproteins (RNPs) is one such 
technology and has been demonstrated in various plant protoplast systems to induce targeted 
mutations 51,86-89. Some have produced edited plants arising from the transfected single cells. 
However, regeneration of wheat and other crop plant protoplasts is not feasible with current 
methods. Cas9-RNP based editing of maize 22, rice 23, and wheat 24 regenerable embryos by 
biolistics has also been reported. Gold particles coated with Cas9-RNPs are bombarded with high 
pressure into immature embryos (IEs) that are ultimately regenerated into plants through tissue 
culture. Co-delivery of DNA vectors with selective markers or helper genes along with Cas9-RNPs 
have been utilized to improve editing efficiency 22,23. In the absence of selection, however, editing 
rates have generally been low. 

The use of Cas9-RNPs to generate edited plants provides unique benefits. Because the gene 
editing reagents are delivered as pre-assembled complexes, researchers do not need to optimize 
DNA vectors, the host plant tissue does not bear the burden of transcribing or translating Cas9 or 
gRNA, and breeding for segregation is unnecessary due to the absence of transgenes. Additionally, 
the Cas9-RNPs, which exist in a finite amount in the target tissue, are ultimately degraded by 
endogenous proteases and nucleases. However, there remains room to improve the editing pipeline 
and increase efficiency.  
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Low rates of Cas9 mediated editing in plant tissue may indicate that the endonuclease is 
not reaching its full potential due to suboptimal environmental conditions. For example, studies 
across organisms including Arabidopsis, citrus 68, and wheat 69 have shown that Cas9 generates 
more targeted indels at elevated temperatures.  

Here, we present advances in Cas9-RNP based gene editing in the global food crop, wheat. 
To determine if temperature can be harnessed to enhance Cas9-RNP mediated editing, we explore 
the effects of heat treatment on transfected wheat protoplasts and IEs. We examine the relationship 
of editing efficiency between non-regenerable protoplasts and regenerable IEs and monitor the rate 
of editing over time. We demonstrate that treatment at elevated temperatures increases gene editing 
efficiency in both tissue systems and find that the RNP transfection technique of gold particle 
bombardment results in sustained editing of tissue at least 14 days after bombardment. We also 
find that editing rates in protoplasts correlate linearly with editing rates in IEs. Therefore, rapid in 
vivo protoplast assays can be instituted as a standard gene editing pipeline step to select the most 
effective gRNAs for IE gene editing and regeneration. Lastly, we regenerate wheat plants edited 
via Cas9-RNP biolistic transfection. As a proof of method, we simultaneously target three wheat 
homoeologous orthologs of a rice gene, Pi21(Os04g0401000), and successfully generate lines with 
knockouts in all copies. We also target wheat genes Tsn1 and Snn5, producing lines that are 
insensitive to the Parastagonospora nodorum pathogenic effectors SnToxA and SnTox5 and 
establish DNA and selection-free Cas9-RNP mediated editing as an efficient and feasible 
technique for generating targeted gene knockouts in wheat. 
 
4.2 Cas9-RNP transfection and the effect of temperature in wheat protoplast gene editing 
 

We first quantified cell viability after heat treatment of non-transfected protoplasts to 
determine the feasibility of testing higher temperatures for wheat protoplast gene editing. 
Protoplasts were isolated from partially etiolated wheat seedlings and incubated at 25°C, 30°C, or 
37°C for 16 hours followed by 25°C for 8 hours. During the 24-hour period, the protoplasts were 
monitored for viability every 8 hours using Evans blue staining and microscopy. Viability of 
protoplasts treated at 37°C decreased markedly compared to those treated at 25°C and 30°C (Fig. 
14) and suffered from media evaporation. It was therefore concluded that the protoplast gene 
editing pipeline was not amenable to a 37°C heat treatment.  

Five single guide RNAs (sgRNAs), Pi21gD, Tsn1g2, Tsn1g3, Snn5g1, and Snn5g2 were 
selected and commercially synthesized for this study. To assess the efficacy of the sgRNAs in vivo, 
and to determine the effect of temperature on wheat protoplast gene editing, Cas9-RNPs were 
assembled and transfected into wheat mesophyll protoplasts. Purified Cas9 with a C-terminal 
double nuclear-localization tag was complexed with sgRNA. The resulting sgRNA-Cas9 RNPs 
were transfected into wheat protoplasts using polyethylene glycol (PEG). Transfected protoplasts 
were treated at 25°C or 30°C and harvested for genotypic analysis after 24 hours. Editing rates at 
the target loci were determined by amplicon next-generation sequencing (NGS). With incubation 
at 25°C and 30°C, average editing rates ranged from 2.5-50% and 5.8-62% respectively. Despite 
this variability between different sgRNA-Cas9 RNPs, editing efficiency was consistently higher 
in protoplasts treated at 30°C compared to 25°C for any given sgRNA (Fig. 15), suggesting that a 
higher temperature treatment is advantageous to RNP-mediated gene editing in wheat protoplasts. 
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Figure 14. Protoplast viability curve. N=3. Error bars indicate SEM. 

 
 
 
 

 
Figure 15. Targeted editing efficiency of gRNA-Cas9 ribonucleoproteins with different temperature 
treatments in wheat protoplasts. Five gRNAs, Pi21gD, Tsn1g2, Tsn1g3, Snn5g1, and Snn5g2 were 
tested and transfected independently into protoplasts. N=3. Error bars indicate SEM. 
 
4.3 Biolistic Cas9-RNP delivery and the effect of temperature in wheat immature embryo 
gene editing 
 

To determine if a high temperature treatment similarly improves Cas9-RNP based editing 
in wheat IEs as it does in protoplasts, RNPs were transfected into IEs by particle bombardment. 
The experimental pipeline is summarized in Figure 16a. Single guide RNA and Cas9 were 
complexed in vitro, adsorbed onto 0.6 μm gold particles, and biolistically delivered with a helium-
pressured particle gun. For each sgRNA and temperature being tested, 30 IEs were bombarded and 
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incubated at 26°C, 30°C, or 37°C for 16 hours. They were then maintained at 26°C on callus-
induction media before inducing regeneration at around 63 days post-bombardment (dpb). Plasmid 
DNA was not co-delivered with any of the Cas9-RNPs, and callus induction and regeneration were 
performed under selection-free conditions. From each set of 30 RNP-transfected embryos, ten 
were randomly harvested and pooled for genomic analysis at 14 dpb and again at 48 dpb. The 
remaining ten embryos were kept for regeneration into M0 plants. All independent shoots were 
isolated and treated as individual M0 plants. Plants were transplanted from tissue culture media to 
soil approximately 100 dpb. Each resulting M0 plant was independently genotyped, and the percent 
tissue edited rate was calculated as the percentage of mutant alleles among total alleles in the M0 
plant pool. The percentage of plants edited was also calculated as a percentage of the number of 
plants with any edit among the number of total M0 plants regenerated. All genomic analysis was 
done by amplicon NGS.  

Elevated temperature treatment of both 30°C and 37°C led to higher percentages of edited 
tissue compared to 26°C for all five sgRNA-Cas9 RNPs across all timepoints (Fig. 16b). Tissue 
editing rates were higher at 48 dpb than at 14 dpb and editing rates in the M0 regenerant tissue pool 
were comparable to those at 48 dpb. From the ten embryos per treatment allowed to regenerate, 
10-40 M0 plants were produced. Plants with wild type, heterozygous, biallelic, and homozygous 
mutations at the target loci were obtained. Editing efficiency in the M0 regenerants is summarized 
in Table 6. 
 
Table 6: Summary of editing outcomes in Pi21, Tsn1, and Snn5 targeted M0 plants. Data for Pi21 is 
broken down by subgenome. Tsn1 and Snn5 are only present on subgenome B. “% Tissue Edited” 
indicates the percentage of edited alleles among the total alleles analyzed from the M0 pools. “% Plants 
Edited” indicates the percentage of plants with any level of editing among the total plants analyzed from 
the M0 pools.  

 



31 
 

 

 

 
Figure 16. Cas9-RNP particle bombardment and temperature treatment of wheat immature 
embryos (IEs). (a) A schematic of the particle bombardment and editing efficiency assay pipeline. (b) 
Targeted editing efficiency of gRNA-Cas9 ribonucleoproteins with different temperature treatments in 
IEs across time points. Five gRNAs, Pi21gD, Tsn1g2, Tsn1g3, Snn5g1, and Snn5g2 were bombarded 
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independently into IEs. Tissue pools at 14 dpb and 48 dpb consisted of 10 randomly chosen initially 
bombarded IEs. Editing efficiency for M0 plants is based on aggregate data from all independently 
genotyped M0 plants that emerged from 10 randomly chosen initially bombarded IEs. Percent tissue 
edited is defined as the percentage of tissue with insertions or deletions within 2 bp of the target cleavage 
site out of the total tissue pool. 
 
 
4.4 Cas9-RNP mediated editing is sustained over time 
 

Notably, gene editing rates were more than doubled, regardless of temperature treatment, 
in tissue assayed at 48 dpb compared to 14 dpb (Figure 16b). To further investigate the difference 
in editing rates over time, the number of unique mutant alleles was determined at the 14 and 48 
dpb timepoints. With minimal exception, there were more unique mutant alleles at 48 dpb 
compared to 14 dpb (Figure 17a, Figure 18). 

 
Figure 17. Cas9-RNP mediated editing in gold particle bombarded immature embryos IEs is 
sustained over time. (a) Quantification of the number of unique mutant alleles detected via deep 
sequencing. (b) Western blot detection of Cas9 in 10-IE bombarded samples taken 0, 2, 7, and 14 dpb 
with anti-Cas9 antibody. The top and bottom blot represent 2 independent sets of 10 IEs. + = 9 ng (top) 
and 3 ng (bottom) Cas9; - = IEs that were not bombarded with Cas9-RNP; loading volume of 25 μl (top) 
and 40 μl (bottom) total soluble protein extract per IE sample. 
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Figure 18. Example of the difference in the number of unique mutant alleles between 14 dpb and 48 
dpb. Provided are the detected alleles in immature embryos bombarded with Tsn1g2-Cas9 RNPs and 
treated at 37°C. The vertical bold dashed line represents the Cas9 cleavage site. Mutant alleles are marked 
with *. Wild type alleles are marked as WT. Dashes indicate base pair deletions, red boxes indicate base 
pair insertions, and bold letters indicate base pair substitutions. 
 

An additional 50 IEs were bombarded with Snn5g1-Cas9 RNP to determine the length of 
time that Cas9 remains present in biolistically transfected tissue. Western blot analysis was 
performed with 10-embryo tissue samples taken 0, 2, 7, and 14 dpb. Given the finite amount of 
Cas9 protein delivered by RNP bombardment and rapid cell division and growth in each IE over 
time, we normalized the experiment by volume extracted from total tissue originating from ten IEs 
at any given timepoint, rather than total protein extracted. Cas9 was detected in tissue from all four 
timepoints with decreasing band intensity over time (Figure 17b). Cas9 was not detected in 
embryos that were not subjected to bombardment of Cas9-RNPs. Due to the large mass of tissue 
from exponential growth of callus from IEs, it was not feasible to extract protein from and perform 
Western blot analysis on ten-embryo 48 dpb samples. Taken together, these results suggest that 
Cas9 mediated editing activity is sustained over the course of at least 14 days after biolistic delivery 
of Cas9-RNPs into immature wheat embryos. When using this method, the degradation of Cas9 
protein in the target tissue is not as rapid as previously hypothesized 25, and evaluation of editing 
efficiency should occur 14 to 48 dpb for increased accuracy. 
 
4.5 Relative editing rates in protoplasts correlate linearly with editing rates in M0 
regenerants from bombarded immature embryos 
 

The different sgRNA-Cas9 RNPs used in this study conferred different levels of efficacy 
in both PEG transfected protoplasts and biolistically transfected embryos. To determine whether 
the editing rates in the two tissue systems correlated with one another, each sgRNA-Cas9 RNP’s 
average editing efficiency in 30°C treated protoplasts was plotted against its editing efficiency in 
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48 dpb 30°C treated bombarded IEs as well as the M0 30°C treated regenerant tissue pool. A linear 
regression model was applied to the data, revealing a positive linear correlation with R2=0.744 and 
R2= 0.994, respectively (Fig. 19). Though a survey of a greater number of sgRNAs would 
strengthen this association, the present data suggest that editing efficiency in protoplasts can be 
predictive of editing efficiency in IEs. Given the positive correlation between RNP-mediated 
editing rates in protoplasts and in biolistically transfected IEs, it can be beneficial to first rapidly 
score the efficiency of various gRNA candidates in protoplasts to optimize for the highest rate of 
edited regenerant tissue.  
 

 
Figure 19. Correlation plot between targeted editing efficiency of gRNA-Cas9 RNPs in protoplasts 
and immature embryos (IEs) at (a) 48 dpb and in (b) M0 plants treated at 30°C.  
 
4.6 Cas9-RNP mediated knockout of Parastagonospora nodorum necrotrophic effector 
sensitivity genes 
 

The wheat genes Tsn1 and Snn5 recognize necrotrophic effectors produced by 
Parastagonospora nodorum, and each exist as single copy genes on the B genome of allohexaploid 
wheat. In this study, 20 M0 Tsn1 edited plants were produced from 30 transfected embryos 
maintained for regeneration. Of those, 14 had heterozygous mutations and 6 had biallelic or 
homozygous mutations. Fully expanded secondary leaves of a subset of M0 Tsn1 edited plants, M0 
Tsn1 WT plants, and Fielder grown from seed were infiltrated with SnToxA expressed in Pichia 
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pastoris. After 72 hours, M0 heterozygotes, M0 WT, and Fielder plants had necrotic lesions 
extending from the site of infiltration. Meanwhile, M0 plants with biallelic or homozygous 
mutations exhibited no necrosis (Fig. 20). 

 
Figure 20. SnToxA assay in Tsn1 targeted M0 regenerants. (a) Fielder control grown from seed. (b-m) 
independent M0 regenerants with (b, c) homozygous wildtype; (d-h) heterozygous (d) -2; (e) -5; (f) -31; 
(g) -1; (h) +1; and (i-m) biallelic or homozygous mutant (i) -2, -5; (j) -2, -2, (k) -1, -1; (l) -2, -2; (m) -1, -1 
genotypes. Mutation notation is as follows: a positive number ,+, indicates the number of bases inserted, a 
negative number, -,  indicates the number of bases deleted.  
 

Similarly, a total of 24 M0  Snn5 edited plants were produced from 30 transfected embryos 
maintained for regeneration. Of those, 14 had heterozygous mutations and ten had biallelic or 
homozygous mutations. Fully expanded secondary leaves of a subset of M0 Snn5 edited plants, M0 
Snn5 WT plants, and Fielder grown from seed were infiltrated with SnTox5 containing culture 
filtrates. After 72 hours, M0 heterozygotes with in-frame deletions, M0 WT, and Fielder plants 
exhibited necrotic lesions. Results for M0 heterozygotes, however, displayed a mixture of 
phenotypes ranging from sensitive to insensitive. Two heterozygous plants with an in-frame 
deletion on one allele appeared insensitive to SnTox5. Notably, all plants with biallelic or 
homozygous mutations leading to premature termination were insensitive to SnTox5 (Fig. 21).  

These results demonstrate that loss-of-function mutations can be introduced to both copies 
of a gene within the M0 generation, leading to insensitivity to agronomically relevant necrotrophic 
fungal effectors. M0 heterozygotes and biallelic plants can be self-fertilized to establish lines with 
homozygous deleterious mutations in the susceptibility genes. The biolistic method with 30°C or 
37°C heat treatment is highly efficient, and edited plants can be identified from a small number of 
regenerants without the use of selection in tissue culture. 
 



36 
 

 
Figure 21. SnTox5 assay in Snn5 targeted M0 regenerants. (a) Fielder control grown from seed. (b-m) 
independent M0 regenerants with (b) homozygous wildtype; (c-d) heterozygous in-frame mutant: (c) -3; 
(d) -6; (e-h) heterozygous mutant: (e) -5; (f) +20; (g) +2-1; (h) -4; (i-m) biallelic or homozygous mutant: 
(i) -11, -4; (j) -8, -2; (k) -10, -10; (l) +1, -2; (m) -5, -1 genotypes. Mutation notation is as follows: a 
positive number,+, indicates the number of bases inserted, a negative number, -,  indicates the number of 
bases deleted. 
 
 
4.7 Discussion 
 

CRISPR-based RNPs have been used for editing in various plant species and tissue types 
90. In this work, we improve upon DNA-free Cas9-RNP technology for genome editing in wheat. 
We establish heat treatment as a parameter to increase the rate of editing in vivo, show that particle 
bombardment-based editing is sustained over more than 14 days, and demonstrate that results from 
protoplast assays can be utilized as a proxy for predicting editing rates in regenerable tissue and as 
a tool to rank gRNA efficacy. By delivering gene editing reagents as protein-RNA complexes, 
several complications associated with Agrobacterium tumefaciens, and biolistic DNA vector 
delivery are avoided. 
  Cas9 from Streptococcus pyogenes, a bacterium that grows optimally at 37°C 91, has been 
shown to exhibit increased cleavage activity at 37° compared to 22°C in vitro 68. Plant protoplast 
and IE transfections and regeneration are typically performed at ambient temperatures (25°C and 
26°C respectively). Although modulation of temperature has not been previously performed in 
protoplast gene editing experiments, an increase in temperature for DNA-based plant gene editing 
studies have resulted in higher targeted mutation frequencies 68,92. The application of temperature 
treatment to increase Cas9-RNP mediated editing efficiency in any plant tissue system has not 
previously been demonstrated. Here, we found that 16 hours of exposure of Cas9-RNP transfected 
protoplasts to 30°C markedly increased indel formation at the Cas9 cut site (Fig. 15). Similarly, 
16 hours of exposure of Cas9-RNP bombarded IEs to 30°C or 37°C resulted in increased targeted 
indel formation. In IEs assayed at 48 dpb we achieved editing rates of 10.4-34.9% with 30°C 
treatment, 6.63-24.39% with 37°C treatment, and just 3.36-14.25% with standard 26°C incubation 
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(Fig. 16b). Interestingly, the benefit of increased temperature treatment was consistent between 
the two target tissues and across the five different target sites tested. In our work, there were no 
discernable defects in regenerability for IEs treated at a higher temperature compared to the 
standard 26°C. We detected no positive or negative correlation between temperature treatment and 
the number of M0 plants recovered.  

Two reports have described the biolistic delivery of Cas9-RNPs into wheat and maize 
embryo cells in the absence of DNA and selection 22,24. Both achieved moderate targeted 
mutagenesis frequencies in the regenerated plants. We noted that the studies each assayed for 
editing efficiency in the IEs 2 dpb and universally achieved <1% targeted editing. In contrast, the 
editing efficiencies in regenerated plant tissue were substantially higher, ranging from 1.3-4.7% 24 
and 2.4-9.7% 22. To investigate this discrepancy between timepoints, we monitored editing 
efficiency at 14 dpb, 48 dpb, and in the M0 regenerants in our study. Irrespective of temperature 
treatment or gRNA sequence, editing frequencies at 48 dpb were considerably higher than at 14 
dpb (Figure 16b). Percentage of tissue edited in the M0 plant pool was comparable to that at 48 
dpb. The observed difference in editing efficiency between earlier timepoints and regenerated M0 
plants was consistent with previous reports 22,24.  

In mammalian cells, Cas9 was shown to be undetectable 48-72 hours after Cas9-RNP 
transfection by nucleofection 25. For this reason, it has been thought that enzymatic degradation of 
Cas9-RNPs in vivo is rapid and that editing must occur within the first few days of transfection. In 
the present study, if Cas9-RNPs were fully degraded from the tissue prior to the 14 dpb timepoint, 
all gene editing would have had to occur before 14 dpb. Consequently, approximately the same 
number of unique alleles would have been expected to be detected at both 14 dpb and 48 dpb if 
proliferation of edited and unedited cells occurs at the same rate. On the contrary, consistently 
higher rates of mutagenesis as well as a greater number of unique alleles at the later timepoints 
were observed at 48 dpb (Figure 16b, Figure 17a, Figure 18), suggesting that Cas9 may somehow 
be stabilized for at least 14 days and gradually released within the wheat IEs after biolistic delivery 
for sustained editing over time. As further evidence in support of this hypothesis, Cas9 protein was 
detected in 10-embryo tissue samples taken 2, 7, and 14 dpb (Figure 17b). Taken together, these 
results indicate that Cas9 is maintained in tissue at least 14 dpb and facilitates sustained and gradual 
editing of tissue over time when delivered as Cas9-RNP via gold particle bombardment. Further 
biochemical exploration is necessary to understand the mechanism of this Cas9 stabilization and 
persistent editing. 

Numerous plant protoplast systems have been used for targeted mutagenesis using Cas9-
RNPs 42,51,86-89,93. Although the method is useful for producing Cas9-RNP edited plants for 
protoplasts that are amenable to regeneration, most crop plants cannot easily be regenerated in this 
manner. Though wheat protoplasts are recalcitrant to regeneration through existing methodology, 
protoplasts in the current study prove to be a beneficial screening system. Cas9-RNP mediated 
editing rates in protoplasts correlated linearly with editing rates in IEs. Because biolistic Cas9-
RNP transfection of IEs requires significant time, energy, resources, and commitment, a means for 
rational selection of gRNA sequences for optimal editing efficiency is preferred. It is noteworthy 
that there were major differences in mutation rates for the 5 gRNAs used in this study. 
Unfortunately, existing predictive software to select gRNAs often do not translate upon 
experimentation. Therefore, when attempting to select the best gRNA to produce the highest rate 
of stable editing in regenerable IEs, transient protoplast assays can serve as a rapid pipeline to rank 
gRNAs and forecast editing rates in Cas9-RNP bombarded regenerable tissue. 
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The calculation of editing efficiency in M0 regenerants has the potential to be confusing. 
To be explicit in our analysis, we present editing rates of regenerants in two ways. The percentage 
of total edited alleles in the M0 regenerant pool is indicated as “% Tissue edited”, while “% Plants 
edited” is the percentage of total edited plants among all the M0 plants (Fig 16b, Fig. 19, Table 6). 
The former is meant to compare overall editing efficiency more fairly across tissue types and 
timepoints, taking biallelism, homozygosity, and heterozygosity of regenerated plants into 
consideration. The latter value is more relevant for evaluating the method’s ability to produce 
individual plants with gene edits. 

The gene Pi21 was first characterized in rice (Oryza sativa) as a negative regulator of 
resistance for blast disease 15. We identified putative orthologs in wheat that consisted of three 
homoeologous genes. In Chapter 3, we discussed findings that indicated that despite our 
confidence in orthology, homozygous triple knockout of wheat Pi21 homoeologs did not yield any 
disease resistance phenotypes. Therefore, wheat Pi21 was selected simply as a target to 
demonstrate the utility and feasibility of DNA-free Cas9-RNP gene editing method in a gene 
present in all three diploid subgenomes (AABBDD). Pi21gD was designed to simultaneously 
target all six alleles. Despite the genetic complexity, we were able to regenerate plants with 
biallelic or homozygous mutations across all three subgenomes for a full variety of genotypes 
including two with homozygous triple mutant knockouts within the M0 generation.  

The wheat genes Tsn1 and Snn5 recognize the Parastagonospora nodorum pathogenic 
effectors SnToxA and SnTox5, respectively 94,95. Tsn1 is a gene with resistance gene-like features 
including protein kinase, nucleotide binding, and leucine-rich repeats, and the ToxA necrotrophic 
effector is produced by at least three economically important fungal pathogens of wheat 96. Snn5 
belongs to a different class and contains protein kinase and major sperm protein domains (details 
regarding the cloning and characterization of Snn5 will be published in the future; K.L.D. Running 
and J.D. Faris, personal communication), but like Tsn1, it functions as a target for a necrotrophic 
effector leading to disease susceptibility 95. Therefore, Tsn1 and Snn5 are practical targets for 
disruption via DNA-free gene editing. Using DNA-free biolistic delivery of Cas9-RNPs, we 
successfully generated plants with heterozygous, biallelic, and homozygous mutations within the 
M0 generation from a mere ten IEs per treatment. Biallelic and homozygous mutants of Tsn1 and 
Snn5 were demonstrated to be insensitive to SnToxA and SnTox5 respectively. Due to the high 
rate of editing, particularly using Snn5g1 and Snn5g2 with 30°C and 37°C heat treatment, 
screening of M0 plants for edits was fully feasible. Contrary to previous reports, a selection scheme 
can reasonably be foregone with Cas9-RNP mediated editing so long as gRNAs are pre-tested in 
protoplasts and deemed to be highly effective.  

In summary, heat treatment enhancement of Cas9-RNP mediated wheat editing combined 
with a protoplast-based approach to select optimal gRNAs, and findings that editing is sustained 
for more than 2 weeks advances this DNA and selection-free gene editing approach in crops. Given 
the persistence of Cas9 in bombarded tissue, additional work with increased length or punctuated 
exposure to heat, beyond 16 hours, throughout callus induction may further augment the benefit 
of heat treatment. The success of this method in targeting single loci warrants exploration of 
furthering the technique to multiplexing. In addition to knocking out genes, editing via Cas9-RNPs 
can conceivably be applied to generating allelic series by targeting non-coding genomic regions 
such as promoters 97. The presented advancement to this technology can be applied to numerous 
crops that are amenable to particle bombardment and encourages the establishment of tissue 
culture and regeneration protocols in crop species that are vegetatively propagated. 
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4.8 Materials and Methods 
 
Plant material 

The allohexaploid wheat (Triticum aestivum L., 2n = 6x = 42, AABBDD genomes) cultivar 
Fielder was used for this study.  
 
Cas9-gRNA RNP assembly 

Cas9 protein with a C-terminal double nuclear-localization tag (QB3 Macrolab, University 
of California, Berkeley) and sgRNAs with modifications of 2’-O-Methyl at 3 first and last bases, 
and 3’ phosphorothioate bonds between first 3 and last 2 bases (Synthego, Menlo Park, CA) were 
complexed in vitro to form Cas9-gRNA RNPs.  

For each protoplast transfection, a 25 μl reaction was assembled. Thoroughly mixed were 
10 μg sgRNA, 2.5 μl 10X NEBuffer 3.1 (New England Biolabs, Ipswich, MA), and nuclease-free 
water. Then, in a drop-wise manner, 10 μg Cas9 was added slowly with constant mixing, followed 
by 20 min incubation at 37°C.  

For each IE biolistic transfection, a 40 ul reaction was assembled. Thoroughly mixed were 
6.4 μg sgRNA, 4 μl 10X NEBuffer 3.1, and nuclease-free water. Then, in a drop-wise manner, 
12.8 μg Cas9 was added slowly with constant mixing, followed by 20 min incubation at 37°C.  

The resultant RNP mixtures were stored on ice until transfection. The gRNA sequences 
are as follows: 

 
 
Protoplast isolation and transfection 

Partially etiolated seedlings were used as donor tissue for protoplast isolation. Seeds were 
surface sterilized in 20% (v/v) bleach and rinsed in sterile water. Seedlings were grown under 
sterile conditions on wet filter paper in the dark for 12-14 days at 25°C with exposure to ambient 
light for 6 hours every 5 days. Wheat protoplasts were isolated from the donor tissue using a 
previously described method 11. For each transfection 25 μl of Cas9-gRNA RNP mixture, as 
defined above, were added to 5 X 105 protoplasts. PEG-meditated transfection was performed as 
described in the literature 11. Protoplasts were harvested 24 hours post-transfection for analysis.  
 
Gold particle preparation for bombardment 

Cas9-RNPs were precipitated onto 0.6 μm gold particles (#1652262, Bio-Rad, Hercules, 
CA) using the cationic lipid polymer TransIT-2020 (Mirus, Madison, WI) as previously described 
22, with modifications. Briefly, for each 30-IE transfection, 40 μl Cas9-RNP mixture, as described 
above, was mixed gently with 20 μl sterile gold particles (10 μg μl-1 water suspension) and 1 μl 
TransIT-2020 and incubated on ice for 20 min. The Cas9-RNP coated gold particles were pelleted 
in a mini microcentrifuge at 2,000g for 30 s. The supernatant was removed, and the gold particles 
were resuspended in 20 μl of sterile water by brief sonication. The coated gold particles were 
immediately applied to 2 macrocarriers (10 μl each) by spotting numerous small drops and allowed 
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to air dry in a laminar flow hood. For a single transfection, each 30-IE set was bombarded twice 
using the 2 prepared macrocarriers.  
 
Immature embryo bombardment and regeneration 

Plants were grown at 24°C, 16-hour days and 15°C, 8-hour nights under light intensity of 
130 μmol m-2s-1. Immature seeds containing IEs, sized 1.7-2.2 mm were harvested from wheat 
spikes 10-13 days after flowering, surface sterilized in 20% (v/v) bleach with one drop of Tween 
20 and triple rinsed with sterile water, followed by extraction of the IEs. The IEs were placed on 
DBC3 media 66, scutellum side up and incubated overnight at 26°C prior to biolistic transfection. 
Four hours prior to bombardment, IEs were placed on 55 mm filter paper in the center of DBC3 
osmoticum media containing 0.2 M mannitol and 0.2 M sorbitol 49. Using two prepared 
microcarriers holding Cas9-RNP coated gold microparticles, IEs were shot twice using the PDS-
100/He gene gun (Bio-Rad, Hercules, CA) with rupture pressure of 1100 psi. The bombarded IEs 
were transferred from the filter paper directly to the media below and incubated at 26°C, 30°C, or 
37°C for 16 hours. IEs were transferred to standard DBC3 media in dim light (10 μmol m-2 s-1) at 
26°C for 9 weeks with subculturing as needed. Callus tissue originating from each IE was 
transferred to DBC6 media for regeneration 70. Resultant plantlets were transferred to rooting 
media and incubated in high light (90 μmol m-2 s-1) at 26°C and grown to 4-6 inches before being 
transplanted to soil. 
 
Amplicon next generation sequencing analysis 

To determine mutation rates by amplicon sequencing, PCR was performed with target-
specific primers (Table 7), amplifying approximately 225 bp around the cut site using Phusion 
High Fidelity (New England Biolabs, Ipswich, MA) polymerase. Primers contained a 5′-stub 
compatible with Illumina NGS library preparation. PCR products were ligated to Illumina TruSeq 
adaptors and purified. Libraries were prepared using a NEBNext kit (Illumina, San Diego, CA) 
according to the manufacturer’s guidelines. Samples were deep sequenced on an Illumina iSeq at 
200 bp paired-end reads to a depth of approximately 10,000 reads per sample. Cortado 
(https://github.com/staciawyman/cortado) was used to analyze editing outcomes. Briefly, reads 
were adapter trimmed then merged using overlap to single reads. These joined reads were then 
aligned to the target reference sequence. Editing rates are calculated by counting any reads with 
an insertion or deletion overlapping the cut site or occurring within a 3 bp window on either side 
of the cut site. SNPs occurring within the window around the cut site are not counted. Total edited 
reads are then divided by the total number of aligned reads to derive percent edited. 
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Table 7: Primers used to amplify the target region for amplicon next generation 
sequencing. Nucleotides shown in capital letters are the 5′-stub compatible with Illumina NGS 
library preparation. 

 
 
Western blot  

Total plant tissue originating from 10 IEs at different timepoints were frozen in LN2, 
ground to a fine powder by mortar and pestle, and resuspended in 200 μl 2x Laemmli Sample 
Buffer (Bio-Rad, Hercules, CA) with 2-mercaptoethanol. Samples were boiled for 5 min, and the 
total soluble protein extracts (25 μl or 40 μl per well) were separated on 4-20% Mini-PROTEAN 
TGX precast polyacrylamide gels (Bio-Rad, Hercules, CA) and subsequently transferred to a 0.45 
μm nitrocellulose membrane (GVS, Sanford, ME). For detection of Cas9 protein, anti-
CRISPR/Cas9 C-terminal mouse monoclonal antibody (SAB4200751; Sigma-Aldrich, St. Louis, 
MO) and ProSignal Dura ECL Reagent (Genesee Scientific, San Diego, CA) were used. PageRuler 
Plus Prestained Protein Ladder (10–250 kDa, Thermo Fisher, Waltham, MA) was used as a 
molecular weight marker, and Cas9 protein with a C-terminal double nuclear-localization tag (QB3 
Macrolab, University of California, Berkeley) was used as a positive control. 
 
Production of SnToxA  

SnToxA was expressed in the Pichia pastoris yeast strain X33 98 and cultured in yeast 
peptone dextrose broth (10 g yeast extract, 20 g peptone, 100 ml 20% dextrose in 900 ml distilled 
water) for 48 hours at 30 °C.  Culture filtrate was harvested and filtered through a 0.45 µm HVLP 
filter membrane (Merk Millipore Ltd., Cork, Ireland) and dialyzed overnight against water using 
3.5 kDa molecular weight cut off Snake Skin dialysis tubing (Thermo Scientific, IL, USA). 
Dialyzed filtrate was loaded onto a HiPrep Sp XL 16/10 cation exchange column (GE Healthcare 
Piscataway, NJ). Unbound protein was washed off the column using a 20 mM sodium acetate (pH 
5.0) buffer prior to a gradient elution of SnToxA using a buffer consisting of 300 mM sodium 
chloride and 20 mM sodium acetate (pH 5.0). Fractions that contained SnToxA were collected and 
frozen prior to lyophilizing to increase the concentration of SnToxA. Lyophilized samples were 
dissolved in a buffer consisting of 5 mM MOPS sodium salt (Alfa Aesar, MA, USA) and water, 
prior to infiltration into the plants.  
 
Production of SnTox5  

P. nodorum strain Sn79+Tox5-3, generated by transforming SnTox5 in to the avirulent P. 
nodorum strain Sn79-1087 95,was used to prepare the culture filtrates containing SnTox5 as 
previously described 99 with minor modifications. In brief, Sn79+Tox5-3 was grown on V8-potato 
dextrose agar medium till spores were released from pycnidia. The plates were flooded with 10 ml 
of sterile distilled water, and 500 µl of spore suspension was used to inoculate 60 ml of liquid Fries 
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medium (5 g ammonium tartrate, 1 g ammonium nitrate, 0.5 g magnesium sulfate, 1.3 g potassium 
phosphate [dibasic], 3.41 g potassium phosphate [monobasic], 30 g sucrose, 1 g yeast extract in 
1000 ml of distilled water). Cultures were grown on an orbital shaker at 100 rpm for a week prior 
to two weeks of stationary growth under dark conditions at room temperature. Culture filtrates 
were filtered through a layer of Miracloth (EMD Millipore Corp, MA, USA) and were 
concentrated 5-fold using Amicon Ultracel – 3K centrifugal filters (Merk Millipore Ltd., Cork, 
Ireland). Culture filtrates were diluted in a 1:1 ratio with sterile water prior to infiltration into the 
plants. 
 
Necrotrophic effector infiltrations 

Infiltrations with SnToxA and SnTox5 containing culture filtrates were conducted as 
previously described 99. Three infiltrations were performed per plant, and sensitivity was evaluated 
on a binary scale at 3 days post infiltration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



43 
 

CHAPTER 5. Concluding remarks 
 
 Plant biotechnology and agriculture are being revolutionized by the ability to utilize 
CRISPR-Cas9 to precisely modify complex genomes via gene editing. I have described here a set 
of studies that advance enabling technology and genome editing in monocot crops for disease 
resistance and sustainability. As research continues, I believe the field will greatly benefit from 
further expansion of the plant gene editing toolkit.  

A large dataset describing Cas9-mediated gene editing efficiency and specific mutational 
outcomes using many gRNA sequences in planta to train predictive models would be of high value 
to the community. Currently, computational gRNA predictive software is trained on gene editing 
data from mammalian cells. Quite often, we find that these prediction tools do not correlate with 
in vivo editing results in plants. Because of this, protoplast assays, like those I described in this 
body of work, are well suited for quickly ranking Cas9-RNA efficacy in the absence of such 
software. Protoplasts assays themselves can additionally be used to amass the necessary data to 
train new models so that gRNA efficacy predictive software can be made a reliable tool for the 
future of plant gene editing.  
 By generating homozygous triple mutant knockout lines without the need for additional 
crossing in allohexaploid wheat using both plasmid and RNP Cas9 gene editing systems, we have 
demonstrated that even the most complex genomes can be edited in just a single round of 
transfections. While wheat has moderately short generation times and can feasibly be crossed to 
other lines, plants with long generation times and vegetatively propagated plants will rely on gene 
editing pipelines that can create full homozygous mutations in a single round. More importantly, 
they will rely on DNA-free gene editing that does not require crossing to eliminate transgenes. Our 
improvements to Cas9-RNP selection and DNA-free methods for gene editing in wheat provides 
a platform to be translated for use in these plants. In addition to this, work exploring multiplexing 
and alternative DNA-free gene editing techniques will be important.  
 The work described in this dissertation focused on editing in the form of targeted loss of 
function mutations. While many beneficial traits can be obtained in this manner, the next step for 
gene editing in crops will be precise integration of exogenous advantageous alleles. Although non-
homologous end joining has been described as the dominant double-stranded break repair pathway 
in plants, ongoing research is working to strengthen and harness homology directed repair for 
precise genome edits from single base pair replacements to insertions of long fragments or genes. 
The establishment of highly efficient gene editing in plants by homology directed repair will be a 
significant breakthrough for crop bioengineering. Additionally, as more CRISPR endonucleases 
beyond Cas9 are discovered and controlled for use in biotechnology, editing parameters will 
become even less limited. With these discoveries will come the ability to edit regions 
unconstrained by specific protospacer associated motifs, improvements in precision, and new types 
of single and double stranded breaks in both DNA and RNA. The potential for crop genome editing 
is immense, and with the technologies already in hand as well as those to come, we can work to 
address and improve agricultural issues of food security and climate change.  
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