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ABSTRACT

CRISPR-Cas9 is a powerful and versatile genome-editing tool for introducing genetic changes for
studying gene expression and improving crops, including rice (Oryza sativa L.) and peanut
(Arachis hypogaea L.). Resistant starch is a starch product that is not easily digestible and absorbed
in the stomach or small intestine and instead is passed on directly to the large intestine. Cereals
high in resistant starch are beneficial to improve human health and reduce the risk of diet-related
chronic diseases. It was previously reported through chemical mutagenesis and RNA interference
studies that some of the starch branching enzymes (SBEs) may play a major role in developing
higher levels of resistant starch in crops. To test the specific roles of all four rice SBE genes in rice,
a CRISPR-Cas9 vector construct with four SBE gene sgRNAs was transformed into the U.S. rice
variety Presidio using Agrobacterium-mediated transformation. Targeted mutations were
identified, and several SBE edited lines showed significantly increased resistant starch content up
to 15% higher than the parental cultivar, Presidio. This study demonstrated an example of
developing lines with high resistant starch through multiplex CRISPR-Cas9-mediated genome
editing. Likewise, improving peanut production and nutrition will require new technologies to
enable novel trait development. To test multiplex CRISPR-Cas9 genome editing in peanut, an
efficient protoplast editing system was developed to knock out a major allergen gene with the help
of an endogenous tRNA-processing system. Peanut protoplast isolation and transformation were
successfully optimized and two sgRNAs for an allergen gene, Ara h 2, were designed, tested with
in vitro digestion with Cas9, and validated by PEG-mediated transformation in protoplasts,

resulting in the identification of knockout mutations. Thus, the protoplast transformation system



can serve as a rapid and effective tool for gRNA validation in peanut. Lastly, prime editing, a new
technique providing a wide range of precise mutation types, was tested in rice and peanut.
Although more optimizations will be needed, a mutant GFP was successfully edited using prime
editing in both rice and peanut protoplasts. These studies pave the way for more efficient and

precise gene editing for rice and peanut improvement.
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1. INTRODUCTION

According to the Food and Agriculture Organization (FAO), by 2050, we will need to increase our
food production up to 60 percent to feed a world population of 9.3 billion (Tilman et al., 2011).
To meet the demand, scientists and plant breeders need to continuously develop new technologies
to increase agricultural productivity and accelerate sustainable agricultural development.
Conventional plant breeding, marker-assisted selection, mutagenesis, transgenesis, and gene

editing are some of the available technologies that can be used for crop improvement.

Traditional plant breeding, or cross-breeding, has played an important role in improving
agricultural productivity that involves crossing selected plants to combine desirable traits of
interest. Although significant progress has been made with major crops, the low availability of
suitable parental lines, low genetic variability in specific crop germplasm, and extra time, effort
and expenses still limit the genetic gains provided by this technique (Hedgecock and Davis, 2007).
Likewise, marker-assisted selection and genomic selection have made great strides, but are

ultimately limited by the effects provided by natural variation.

Mutation breeding has created novel genetic variation by introducing random mutations using
chemical mutagens or physical irradiation (Pacher and Puchta, 2017). However, these methods
have several drawbacks, including the non-specific nature of the generated mutations, a large
number of nucleotides simultaneously mutated, and sometimes the deletion, duplication, or
rearrangement of large genomic fragments. In contrast to the random nature of mutagenesis to

provide beneficial alleles, the transgenic method involves the precise transfer of desired foreign



genes into elite background varieties through plant transformation techniques, including
Agrobacterium-method and biolistic delivery systems, which can provide novel traits not available
in the crop gene pool. However, public acceptance and lengthy and costly regulatory evaluation
processes of genetically modified products are the major drawbacks of this technique (Prado et al.,

2014).

CRISPR-Cas9 genome editing is a promising technology that can enable efficient targeted
modification of crops to accelerate crop improvement with the added benefit of providing a non-
transgenic approach. It has recently become a widely adopted, easy-to-use targeted genetic
manipulation tool that has been applied to many crops through continuous improvements of
CRISPR-Cas technology, such as alternate nucleases (such as CRISPR-Cpfl/Casl2a), base
editing, and prime editing (Li et al., 2013; Shan et al., 2015; Alok et al., 2020; Bharat et al., 2020;

Lin et al., 2020).

The aim of this dissertation is to optimize and apply new CRISPR-Cas9 technologies in both rice
and peanut for crop improvement. In Chapter 2, gene editing was performed to improve resistant
starch content in the U.S. rice, Presidio, by disrupting four SBE genes through CRISPR-Cas9 gene
editing. The results from this study may enable the improvement of the nutritional properties of
rice grains for better human health. In Chapter 3, a simple and efficient protocol for isolation of
peanut protoplasts and its application for transient gene expression studies and gene editing was
described. In Chapter 4, prime editing in both rice and peanut protoplasts was optimized by
transiently targeting mutant GFP with a prime editing system to recover a functional GFP. Three
promoters were used to develop the vectors with different combinations and their efficiency was

tested in both crops.






2. INCREASING THE LEVEL OF RESISTANT STARCH IN THE RICE
CULTIVAR PRESIDIO THROUGH MULTIPLEX CRISPR-CAS9 GENE

EDITING OF STARCH BRANCHING ENZYME GENES

2.1. Introduction

Rice is one of the major staple food crops consumed by half of the world’s population, and about
4.5 million hectares of rice are grown each year globally (Sunetal., 2017). To ensure food security
for nine billion people by 2050, there is a dire need to increase rice production congruent with the
population growth (Prosekov and Ivanova, 2018). Moreover, diet-related chronic diseases are
prevalent in both developed and developing countries (Chen et al., 2012). Hence simultaneously
increasing yield and improving grain quality and nutrition for a healthier rice diet will be essential

to meet the needs of a growing population.

Rice grains largely consist of starch, which is normally hydrolyzed by enzymes in the human
digestive tract to be converted into glucose that cells directly use to produce energy. Amylopectin
and amylose are two components of starch, polymerized through a-1, 4 and a-1, 6 linkages.
Amylose is a linear polymer of o -1, 4 linkages linked with few a-1, 6 linkages and average degree
of polymerization (DP). In contrast, amylopectin is a large, highly branched polysaccharide with
higher DP (Morrison and Karkalas, 1990). In cooked rice, amylose molecules rapidly precipitate
and form complexes resistant to digestion, while the amylopectin molecules form complexes
slowly and are more readily digestible. Therefore, rice grains with high amylose content (AC) tend
to have higher levels of resistant starch (RS), which is not easily digestible or absorbed in the

stomach or small intestine and passes directly into the large intestine (ASP, 1992), leading to



various human health benefits (Zhu et al., 2012; Regina et al., 2015). Consumption of RS reduces
the risk of colorectal cancer through the promotion of fermentation by beneficial microbiota in the
large intestine (Birt et al., 2013) and by reducing dietary protein-induced colonocyte DNA damage

(Conlon et al., 2012).

Starch branching enzyme (SBE) catalyzes the formation of a-1,6-glucosidic linkages during starch
biosynthesis resulting in amylopectin. Therefore SBE plays a significant role in the formation of a
distinct fine structure of amylopectin (Nakamura et al., 2010). There are at least four SBE isozymes
in cereal endosperm: SBEI, Ila, Ilb and 11l (Pandey et al., 2012b). SBEI and SBEII generate d-
(1-6) linkages by cleaving internal &-(1-4) bonds to form the branched structure of the
amylopectin molecule. SBEII proteins transfer shorter chains and show a higher affinity towards
amylopectin than the SBEI, which demonstrates higher rates of branching with amylose
(Nakamura et al., 2010). Another enzyme isoform, SBEIII, has also been reported (Chen et al.,
2004), which plays an important role in the synthesis of 1-6 branching. It has been hypothesized
that the inhibition of SBEs in normal cereal endosperm decreases the branching degree, prolongs
the branch-chain length of amylopectin, and significantly increases amylose content in starch,
ultimately contributing to elevated levels of RS (Wang et al., 2017). For example, in barley,
simultaneous RNAI suppression of all the SBE genes led to a barley producing pure amylose
(Carciofi et al., 2012). In wheat, a line combining mutations in all SBE genes increased the level

of resistant starch (Schonhofen et al., 2017).

CRISPR-Cas9-mediated gene editing technology has tremendous scope to greatly expedite plant
breeding through improvement of major agronomic traits and development of novel germplasm in

crop plants. This technology has been optimized and used in various crops, including wheat, maize,



peanut, soybean, cotton, tomato, sorghum, potato (Jacobs et al., 2015; Svitashev et al., 2016; Gao
etal., 2017; Li etal., 2018b; Johansen et al., 2019; Liu et al., 2019; Jouanin et al., 2020; Biswas et
al., 2022), and is already well established in rice (Mishra et al., 2018; Liang et al., 2021; Molina-
Risco et al., 2021). In rice, genome editing through CRISPR-Cas9 has been applied towards yield-
related genes such as those controlling grain number (OsGnla), grain size (OsGS3), grain weight
(GW2, OsGWS5, OsGLW2, or TGW6), panicle size (OsDEP1, TaDEP1), and tiller number
(OsAAP3) (Li et al., 2016a; b; Xu et al., 2016; Zhang et al., 2016, 2018; Liu et al., 2017b; Lu et
al., 2018; Chen et al., 2019). Resistant starch has also been a key target for rice crop improvement
via the CRISPR-Cas9 system. Edited rice with increased RS levels by knocking out the SBEIIb
gene has been previously reported (Baysal et al. 2016; 2020; Sun et al. 2017; Guo et al. 2020).
However, disruption of different combinations of SBE genes to improve RS content in rice via
CRISPR-Cas9 has not been previously reported. The aim of the current study is to improve the
levels of resistant starch in the US rice cultivar Presidio by disrupting four SBE genes through
CRISPR-Cas9 gene editing. The results of this study may provide insight into the relationship
between resistant starch and amylose content in rice grains, as well as enable improvement of rice

grain's nutritional properties for better human health.

2.2. Material and methods

2.2.1. Plant material

The rice cultivar Presidio was used for this study. Presidio is a semi-dwarf tropical japonica rice
cultivar, high yielding, and has high grain quality. In addition, this variety is one of the best

varieties to be planted as ratoon rice in Texas and Louisiana, which could provide additional



income for rice growers (McClung, 2005). Additionally, tissue culture and transformation of this

variety have been optimized recently (Molina-Risco et al. 2021).

2.2.2. Design of the sgRNAs for the construct

Four SBE genes, SBE1(SBEI), SBE2, SBE3 (SBEIIb) and SBE4 (SBElla), were targeted for this
research project, and sgRNAs were designed for the coding region of each gene target. For this
purpose, the targeted exons of each gene were amplified, cloned, sequenced, and checked for
similarities with the rice reference sequences. DNA was isolated from young leaves using the
CTAB method (Doyle and Doyle, 1987). A total of 100 ng of the genomic DNA was used as a
template for a PCR reaction using the Phusion® High-Fidelity DNA Polymerase master mixer
using the designed primers. PCR was performed with initial denaturation step at 98°C for 30 s,
followed by 30 cycles of 98°C for 30 s, 56-58°C for 30 s, and 72°C for 30 s, followed by a final
extension at of 72°C for 7 min. Afterward, PCR products were ligated using the Zero Blunt™
TOPO™ PCR Cloning Kit (Invitrogen ™, Waltham, MA) as per manufacturer’s specifications and
then sequenced by the Sanger method. Based on the sequencing result, gRNAs were readily
designed using the CRISPR-P2 database (Liu et al., 2017a) and CRISPR-DIRECT (Naito et al.,

2015).

2.2.3. Invitro efficiency test of SgRNAs

The efficiency of the sgRNAs in performing the edits was checked using the in vitro
ribonucleoprotein (RNP) digestion of DNA with Cas9 Nuclease (NEB) provided by the
manufacturer with a few modifications. In this case, a 27 pl reaction mixture containing 30 nM of

synthesized sgRNA (Synthego), 30 nM of Cas9 Nuclease (NEB), and 3 pl of 10x NEB buffer 3.1



were pre-incubated for 10 minutes at 25°C. Afterward, 100 ng purified PCR product was added to
make a total reaction volume 30 ul and incubated at 37°C for 1h. After adding 1 pl of Proteinase
K, the reaction mixture was kept for 10 minutes at 56°C, and fragment analysis was performed

using gel electrophoresis.

2.2.4. Development of the CRISPR-Cas9 construct and Agrobacterium-mediated

transformation

Multiple sgRNAs for the four SBE genes were expressed through the polycistronic tRNA-gRNA
(PTG) gene under the OsU3 promoter (Xie et al., 2015), which was synthesized and incorporated
into pUC57 (Genscript Biotech Ltd., Piscataway, NJ, USA). pUC57_tRNA-gRNA (PTG) was
cloned into a binary destination vector (bRGEB32) according to the protocol of (Cermak et al.,
2017). In this construct, OSCAS9 was expressed under the control of rice ubiquitin promoter. The
constructed binary vector containing all sgRNAs was transformed into NEB 5-alpha competent E.
coli (NEB, Ipswich, MA, USA). Plasmids were isolated using QIAprep® Spin Miniprep Kit
(Qiagen. Hilden, Germany) and positive clones were confirmed by Sanger sequencing and finally
transformed into Agrobacterium tumefaciens EHA105. After that, the Agrobacterium containing
the desired construct was transformed into the regenerating calli of presidio rice varieties using the
modified protocol of (Hiei and Komari, 2008). The transformed calli was selected using
hygromycin (50 mg/L). Transformed explants was then be regenerated, transferred to soil, and

finally, the transformed progenies screened to identify desired edits.



2.2.5. Screening of transformed progenies

Genomic DNA of the transformed plants were extracted according to the protocol (Doyle and
Doyle, 1987) with minor modifications. The positively transformed plants of T, and T1 generation
were confirmed by PCR using CAS9 and tRNA-gRNA specific primers (Appendix Table 1). PCR
was conducted with an initial denaturation step of 98°C for 30 s, followed by 32 cycles of 98°C
for 30 s, 55°C (CAS9) or 58°C (tRNA-gRNA) for 30 s, and 72°C for 30 s, and a final extension

of 72°C for 5 min.

Deep amplicon sequencing was used to identify the edits in the positive Toand Ti transformed
lines (Chen et al., 2018). The Cas9-sgRNAs target sites of DNA segments were amplified with
Phusion polymerase using pairs of four SBE primers listed in (Appendix Table 1). PCR was
performed with an initial denaturation step of 98°C for 30 s, followed by 32 cycles of 98°C for 30
s, 55-58°C for 30 s, and 72°C for 30 s, and a final extension of 72°C for 7 min. The PCR product
was then purified by gel extraction. The site-specific primer was designed and used for the first-
round amplicon PCR using the KAPA HiFi Hot Start ReadyMix PCR Kit (Millipore Sigma,
Burlington, MA, USA) (Appendix Table 1). PCR was performed with an initial denaturation step
of 98°C for 30 s, followed by 25 cycles of 98°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a
final extension of 72°C for 5 min. Next, forward and reverse barcodes for amplicon library
construction were added to the PCR products for the second round of PCR with an initial
denaturation step of 98 °C for 30 s, followed by eight cycles of 98°C for 30 s, 55°C for 30 s, and
72°C for 30 s, and a final extension of 72°C for 5 min. Each sample corresponded to a unique pair
of barcodes. The products of 1st and 2nd round amplicon PCR were purified using CleanNGS kit

according to the manufactural protocol. The libraries were pooled into equimolar concentrations



for multiplexed sequencing on the Illumina MiSeq platform (Illumina, San Diego, CA) with 2x150
run parameters at Texas A&M Institute for Genome Sciences and Society (TIGSS) lab TAMU
(https://genomics.tamu.edu/). The obtained next-generation sequencing data were analyzed using
CRIS.py (Connelly and Pruett-Miller, 2019). Indels or base substitutions located around the Cas9
cleavage site (3 bp upstream of the protospacer—adjacent motif sequence) were identified as

mutations induced by Cas9.

Droplet digital PCR (ddPCR) was used to identify the copy number of the transgene at To, which
is a simpler and less expensive molecular technique than southern hybridization (Collier et al.,
2017). A single copy of the transgene is more desirable for making transgene-free genome-edited
plants because transgene will be segregated out in the next generation. For ddPCR, genomic DNA
was quantified using a Qubit fluorometer using the dsDNA quantification kit according to the
manufacturer protocol (Thermo Fisher Scientific, Waltham, MA, USA). Prior to ddPCR, DNA
was digested with HindllI restriction enzyme for 15 min. OsPLD was used as the reference gene
probe, labeled with 5" FAM™ (6-fluorescein), and hptll was used as the transgene probe, labeled
with 5' HEX™ (hexachloro-fluorescein). Both types of probes were tagged with ZEN™ and Towa
Black Hole Quencher® 1 (Integrated DNA Technologies, USA) double-guenchers. A solution of
25 pL ddPCR cocktail was prepared with 12.5 uLL 2 x ddPCR Supermix (no dUTP; product # 186-
3024; Bio-Rad Laboratories), 450 nm of each primer pair (for the endogenous reference gene and
the transgene), 250 nm of each probe, digested genomic DNA and sterile ultrapure water. For
droplet generation, 20 uL. ddPCR cocktail mix was added with 70 uL Bio-Rad Droplet Generation
Oil (product # 186-3005) and droplet was made in the microcapillary droplet generator cartridge

(product # 186-4008) following the manufacturer's instructions (Bio-Rad). After droplet

10



generation, the PCR plate was sealed and placed into the thermocycler for ddPCR. ddPCR was
performed following protocol: initial 95°C denaturation for 10 min, followed by 40 cycles of 94°C
(30 s), 57°C for 1 min with a temperature ramp rate of 2°C sec *and final step at 98°C for 10 min.
The plate was then transferred to a QX200 droplet reader (Bio-Rad) for droplet counting. Droplet
counts were measured, and transgene copy numbers were calculated using the Bio-Rad

QuantaSoft™ software (v1.6.6.0320).

Edited plants were selected for generation advancement based on the transgene presence (one copy
of transgene) and type of edits (homozygous and bi-allelic heterozygous) at To generation. At Ty
generation, approximately 15 seeds/line were used to check the presence of transgenes and
mutation patterns by PCR and amplicon-based deep sequencing. T2 seeds from such T1 plants were

used for subsequent phenotypic analysis.

2.2.6. Phenotypic analysis and starch content measurement

A stereomicroscope was used to take photomicrographs of T, generations whole grain samples.
The granular morphology of starch was examined by scanning electron microscopy (SEM). Grain
samples were transversely cut and photographed by TESCAN VEGA SEM (TESCAN Czech
Republic) at TAMU (Microscopy and Imaging Center 2257 TAMU). The percent of total starch,
amylose content (AC) and resistant starch (RS) in the rice flour of SBE mutants and WT was

measured with the starch assay kits (Sun et al., 2017) according to the manufacturer protocol.
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2.3. Results

2.3.1. SBE-targeting guide RNA design, validation, and vector construction

The first exon in each of the SBE1, SBE2 and SBE3 genes and the 3" exon for SBE4 were targeted
for designing sgRNAs (Figure 2.1A). An in vitro ribonucleoprotein (RNP) assay for the four
gRNAs targeting a PCR amplicon flanking the target site of the SBE1, SBE2, SBE3 and SBE4 was
performed using the RNP complexes with purified Cas9 (Invitrogen, Waltham, MA, USA) and
synthetic gRNAs (Synthego, Menlo Park, CA, USA). The negative controls had uncut PCR
products, while three bands were seen for the cut amplicon with all SgRNAs, indicating that all
four sgRNAs were efficiently cut their target nucleotide sequences (Figure 2.1B). The
polycistronic tRNA-gRNA (PTG) construct bearing all sgRNAs was cloned into a destination

vector pPRGEB32 (Figure 2.1C and Figure 2.1D).
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Figure 2.1 Target regions of gRNA targets of four SBE genes, tRNA-sgRNAs construct of SBE genes, in
vitro-digestion of gRNAs and cloning of the tRNA_gRNA construct. A) Schematic map of the gRNA target
sites on the genomic regions of SBE1, SBE2, SBE3 and SBE4, B) In vitro RNP digestion of SBE1, SBE2,
SBE3 and SBE4 genes PCR amplified product. L1, L8 and L9: 1kb* ladders; L2: uncut SBE1 target region;
L3: SBEL1 target region digested with Cas9 and sgRNA1 (expected bands of 466 bp and 246 bp); L4: uncut
SBE? target region; L5: SBEZ2 target region digested with Cas9 and sgRNA2 (expected bands of 447 bp
and 168 bp); L6: uncut SBE4 target region; L7: SBE4 target region digested with Cas9 and sgRNA4
(expected bands of 643 bp and 256 bp); L10: uncut SBE3 target region; L9: SBES3 target region digested
with Cas9 and sgRNA3 (expected bands of 682 bp and 127 bp). C) Schematic diagram of tRNA-gRNA

construct. D) Cloning of of tRNA-gRNA construct into destination vector pPRGEB32. L1: 1kb* ladder, L2:
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blank plasmid digested with specific restriction enzymes; L3-L5: positive clones of

pPRGEB32_tRNA gRNAs digested with specific restriction enzymes.

2.3.2. Targeted mutagenesis in transgenic rice plants

The CRISPR-Cas9 vector containing four SBE gRNAs was transformed into rice immature

embryo-derived calli through Agrobacterium-mediated transformation and generated transgenic
lines after six rounds of hygromycin selection with the help of the Multi Crop Transformation
Facility Lab, TAMU. For acclimation, the putative transformed rice seedlings were first kept into
hydroponic solution for 10 days and then transferred to soil (Appendix Figure 1A). PCR was used
to detect the presence of the transgene (Appendix Figure 1B) and to amplify the target SBE gene
sequences in the transformed plants. Genomic DNA was extracted from eight plants. All eight
plants showed positive PCR results with both CAS9 and tRNA-gRNA specific primers (Appendix
Figure 1C), indicating positive transformation. To detect the editing pattern and efficiency,
targeted deep sequencing was performed for PCR products of SBE1, SBE2, SBE3 and SBE4
obtained from the isolated genomic DNA from each of 8 transformed plants. The most common
mutation was biallelic (i.e. two different mutant alleles at the same locus), followed by monoallelic
(i.e. one mutant allele alongside the wild type allele), and chimeric (i.e. three or more alleles were
identified), while one plant had one locus (SBE3) with fixed homozygous mutant alleles (Appendix
Figure 2A). The most common mutations were deletions, followed by substitutions, and a few
insertions (Appendix Figure 2B). Predicted knockout mutations were identified at all four SBE
genes, although with varying zygosity and in different plants, due to frameshift mutations leading

to premature stop codons (Appendix Figure 3).
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Specifically, for the SBE1 gene, six lines (P1-P4, P7 and P8) showed biallelic mutations. Among
them, four lines (P1-P4) had one allele with a 3 bp deletion and the other allele had a 23 bp deletion,
while two lines (P7 and P8) had a 4 bp deletion in one allele and a 22 bp insertion in the other
allele (Appendix Table 2A). Monoallelic mutations were found in line P5 (23 bp deletion) and line
P6 (24 bp deletion). For SBE2, two lines (P7 and P8) had biallelic mutations (11 bp and 15 bp
deletions) and one line (P4) had a monoallelic mutation (1 bp deletion); however, five lines (P1,
P2, P3, P5 and P6) showed chimeric mutations (Appendix Table 2B). For the SBE3 gene target,
four lines (P4-P7) contained a homozygous mutation (1 bp deletion only), while three other lines
(P1, P2 and P3) has monoallelic mutations (1 bp deletion and wild type), and one line (P8) did not
have any edits (Appendix Table 2C). For SBE4, seven lines (P1-P5, P7 and P8) showed biallelic
mutations: lines P1-P5 had a 1 bp deletion in one allele and 1 bp substitution (C to G) in the other
allele, while P7 and P8 had a 4 bp deletion on one allele and a combination of 4 bp deletion and 1

bp substitution in the other allele, while no edit was found in the P6 line (Appendix Table 2D).

2.3.3. Copy number detection of transformants

Five independent transgenic edited To rice lines were selected to detect the transgene copy number
using ddPCR (Figure 2.2). ddPCR is a novel technology that provides precise data from a single
reaction mixture and has been established in multiple crop species, including rice, wheat, potato,
tomato and maize (Collier et al., 2017). Our To transgenic rice lines were analyzed using ddPCR
with primers and probes designed to detect the OsPLD reference gene and the hptll transgene.
The OsPLD gene was used as a reference gene which is a single copy and constitutively expressed

gene within the rice genome (Mazzara, 2007). We did not see any droplet generation from the
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negative control (no genomic DNA template) for both probes (hptll and OsPLD) and from the
wild type (WT) control for the transgene hptll probe (Figure 2.2A). Our ddPCR results showed

that four lines (P1-P4) contained a single copy and one line (P5) contains two copies of the hptll

transgene (Figure 2.2D).
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Figure 2.2 Droplet digital polymerase chain reaction (ddPCR) results from QuantaSoft™ software
demonstrating quantitative analysis for the hptll (transgene copy number) and OsPLD (reference
housekeeping gene) from wild type (WT) and five Ty transgenic rice lines. A) One-dimensional plot of
droplets measured for fluorescence signal (amplitude indicated on y-axis) emitted from the transgene hptll
(FAM™ labeled; positive droplets are blue) or endogenous housekeeping reference gene OsPLD
(HEX™ labeled; positive droplets are green). Negative droplets are shown in black. B) Droplet data are
further displayed from the same five lines in a bar graph to highlight the relative abundance of droplets
scored as positive (1st and 3rd bar in each group; green for reference gene OsPLD, blue for transgene hptll)
or negative (2nd and 4th bar in each group, same color scheme) compared with the total number of droplets

(5th bar in each group, teal color). C) The droplets visualized in two dimensions for line P1. The colors are
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as described in (A), except that droplet containing both fluorescent probes are orange. D) Calculated
transgene hptll copy number in Ty transgenic rice lines after copy number variation processing in
QuantaSoft™ where the reference gene OsPLD was determined as single copy and it is a homozygous gene
in a diploid genome. The error bars represent the maximum and minimum Poisson distribution for the 95%

confidence interval generated by the QuantaSoft™ software.

2.3.4. Identification of transgene inheritance and detection of mutations in the T1 generation

Four one-copy transgene-containing T, mutant plants, with mutations at the four SBE loci (Figure
2.3), were self-pollinated and the resulting T1 plants were used for segregation analysis for both
transgene inheritance and mutation frequency. We randomly selected 11 to 14 Ti progenies
derived from each T, plant for genotyping analysis. To determine transgene presence (Cas9 and
tRNA-gRNA) at the T1 generation, we performed PCR amplification using the Cas9 and tRNA-
gRNA specific primer sets as were used to validate the T, transformants. We successfully recovered
transgene-free mutants (i.e. no CAS9 and tRNA-gRNA) at the T generation: 3 plants from the P1

line, 5 plants from the P2 line, 5 plants from the P3 line, and 5 plants from the P4 line (Figure 2.4).
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For transgene inheritance calculation, all lines followed the Mendelian segregation ratio (3:1, x2

test, P > 0.05) (Table 2.1).

SBE1
Wild type  CCGCTCCTTCCCTCTCTCGCTGATCGACCGAGCCCGGGAATCGCGGTCAG
P1-P4 Allelel.  CEGETCCTT sz CCCGGGAATCGCGGTCAG 23 bp deletion Biallelic
Allele2  CCGCTCCTTCCCTCTCTCGCTGATCGACC........ CCCGGGAATCGCGGTCAG 3 pp deletion mutant
SBE2

Wild type  CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT

Allele1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT — No edit

P1 Allele 2 CTCAGGCCTCCGCCGCCGGGA..GGTTGCCCCTGCAGCTGCGCCTCCTCCT 1 bp deletion Chimeric
Allele 3 CTCAGGCCTCCGCCGCCGGGC...GGTTGCCCCTGCAGCTGCGCCTCCTCCT 1 bp deletion and 1 bp substitution  mutant
Allele 4 CTCAGGCCTCCGCCGCCGGGA.....GTTGCCCCTGCAGCTGCGCCTCCTCCT 2 bp deletion

Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1 bp substitution

P2 Allele2 CTCAGGCCTCCGCCGCCGGGA...GGTTGCCCCTGCAGCTGCGCCTCCTCCT 1 bp deletion c:‘:‘t‘::t‘
Allele 3 CTCAGGCCTCCGCCGCCGGGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 2 bp substitution
Allele1 CTCAGGCCTCCGCCGCCGGGA...... TTGCCCCTGCAGCTGCGCCTCCTCCT 3 bp deletion
Allele2  CTCAGGCCTCCGCCGCCGGGC....... TTGCCCCTGCAGCTGCGCCTCCTCCT 3 bp deletion and 1bp substitution
P3 ot Chimeric
Allele 3 CTCAGGCCTCCGCCGCCGGGAYGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1 bp deletion and 5 bp insertion mutant
TCGCA
Allele 4 CTCAGGCCTCCGCCGCCGGGC..GGTTGCCCCTGCAGCTGCGCCTCCTCCT 1 bp deletion, 5 bp insertion
and 1 bp substitution
pa Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT — No edit Monoalleic
Allele 2 CTCAGGCCTCCGCCGCCGGG...GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 3 bp deletion mutant
SBE3
Wild type TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG
p1-p3 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG  No edit Monoalleic
5 . tant
Allele 2 TACGGGCGGGGGCCGTGC..GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 1 bp deletion mutam
pa Allele 1 TACGGGCGGGGGCCGTGC..GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC..GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 1 bp deletion mutant
SBE4
Wild type  GAAGTGATTCAAGACATTGAGGAAAATGTGACTGAGGGTGTGATCAAAGA
Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 1 bp substitution Biallelic
P1-P4 mutant

Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA...TGAGGGTGTGATCAAAGA 1 bp deletion

Figure 2.3 Deep sequencing results in four of the edited SBE genes in the To generation. The four selected

plants were advanced to the T1 generation for further analysis.
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Figure 2.4 Identification of transgene-free T1 plants from four (P1-P4) mutant lines. DNA fragments of
Cas9 and tRNA-gRNA were not detected in a number of T, plants, namely: A) P1 lines (1-2, 1-5 and 1-9);
B) P2 lines (2-1, 2-4, 2-6, 2-8, 2-15); C) P3 lines (3-1, 3-6, 3-8 and 3-12); and D) P4 lines (4-2, 4-7, 4-8
and 4-10). The control PCR product was amplified from the endogenous Ubiquitin gene, indicating that the

genomic DNAs used have sufficient quality for PCR. WT, wild type DNA control. -ve (negative), water

control and +ve (positive), plasmid control.
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Table 2.1 Transgene and mutation segregation of SBE edited plants from TO to T1.

Gene | Line | Mutation at Zygosity No. T1 Mutation at T1 Expected Chi-
To plants segre- square P
gation value
P1 d23/d3 Biallelic 10 0 d23, 8 d23/d3 and 2 d3 1:2:1 0.35
P2 d23/d3 Biallelic 15 3d23, 10 d23/d3 and 2 d3 1:2:1 0.77*
P3 d23/d3 Biallelic 13 4 d23, 7 d23/d3, 2 d3 1:2:1 0.95*
SBE1 P4 d23/d3 Biallelic 9 1d23, 4 d23/d3, 4 d3 1:2:1 0.80*
P1 Chimeric Chimeric 10 5 chimeric, 2 WT, 1 NA NA
(WT/d3/d1) WT/d1, 2 d1
P2 Chimeric Chimeric 15 8s1/d1,5S1, 2d1 NA NA
SBE?2 (s1/d1/s2)
P3 Chimeric Chimeric 13 7 d3/d1-5i, 4 d3, 2 d1-i5 NA NA
(d3/d3-s1/d1-
5i/d1-S1-i5)
P4 WT/d1 Monoallelic 9 3 WT/d1, 4 chimeric, 1 d1, 1:2:1 NA
1d1/1i1
P1 WT/d1 Monoallelic 10 6 WT/d1, 4 chimeric NA NA
P2 WT/d1 Monoallelic 15 6 WT/d1, 6 chimeric, 2 NA NA
WT, 1d1
SBE3 P3 WT/d1 Monoallelic 13 3 WT/d1, 5 chimeric, 4 NA NA
WT, 1d1
P4 d1/d1 Homozygous 9 9d1 NA NA
P1 sl/d1 Biallelic 10 1s1,5s1/d1,4d1 1:2:1 0.77*
P2 sl/d1 Biallelic 15 3sl, 12s1/d1 1:2:1 0.15
P3 s1/d1 Biallelic 13 351,10 s1/d1 1:2:1 0.27
SBE4 P4 s1/d1 Biallelic 9 7 sl and 2 s1/d1 1:2:1 0.004

Note: i, d, s, and WT represent insertion, deletion, substitution/inversion, and no mutation detected,

respectively; plants noted with an asterisk (*) followed the Mendelian law of inheritance.

We also checked the mutation segregation analysis after deep sequencing analysis at the T:
generation. For biallelic heterozygous mutants, three lines (P2-P4) for SBE1 and one line (P1) for
SBE4 were consistent with the predicted Mendelian segregation (1:2:1, 2 test, P > 0.05) (Table
2.1, Appendix Table 3A-3P). Only one line (P4), which showed biallelic homozygous mutation

for SBE3 were also found homozygous with the same type mutations for all plants at T1 generation
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(Table 2.1, Appendix table 30). However, we also detected some extra mutations and chimeric

mutations in several lines for SBE2 and SBE3 genes at the T generation.
2.3.5. Effect of SBE genes mutation on grain morphology

T1 and T2 SBE mutant lines derived from 4 To lines were used to analyze the grain and starch
granule morphology. The mutant SBE seeds were opaque and blurred, but wild type (WT) seeds
looked more translucent under a light microscope (Figure 2.5A). Under the scanning electron
microscope, starch granules from SBE mutant lines were rounded and heterogeneous in size and
shape and separated by large gaps. On the other hand, the WT starch grains are homogeneous,
compact, and angular, with few interstitial spaces (Figure 2.5B). Interestingly P4-2, P4-3, P4-4,
P4-5, P4-8 derived from P4 lines were more uniformly opaque than other lines (Appendix Figure
4A). The length, width, and thickness of grains from SBE mutant lines were significantly lower

than those of wild type (Appendix Figure 4B-4D).
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A)

Wild type

P1 P2 P4

Figure 2.5 Grain and starch granule morphology of the SBE mutant lines at the T, generation. A)
Morphologies of the WT and mutant seed under light microscope. Bars = 1 mm. B) Scanning electron
microscopy images of starch in wild type and SBE mutant seeds (P1, P2 and P4). Bars = 10 mm. The WT
starch grains are homogeneous, compact, and angular, with few interstitial spaces, whereas SBE mutants

are rounded rather than angular, and separated by large gaps.
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2.3.6. Amylose and resistant starch content in SBE edited lines

We measured the content of amylose, resistant starch, and total starch according to the starch assay
kits Megazyme K-STAR, K-AMYL and K-RSTAR (Megazyme, Wicklow, Ireland). The
endosperm amylose content of the T» seeds in SBE edited lines was significantly higher (19%-
42%) than wild-type seeds (17%). Among them, P4-8 line showed 42% of amylose content which
was 2.4-fold higher than the wild type (Figure 2.6A). Resistant starch (RS) content was also
significantly increased in SBE mutant lines. Likewise, P4 lines also contained higher percentage
of RS (10%-15%) than other lines (Figure 2.6B). We also found some lines with significantly

decreased total starch than the WT (Figure 2.6C).
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Figure 2.6 Rice grain content analysis. A) Percent amylose content; B) percent resistant starch content;
and C) percent total starch content using the starch assay Kkits in the grain of wild type (WT) and SBE-edited

plants. Values represent means + SE (n = 4). The different letters indicate significant differences at p <

0.05.

2.4. Discussion

SBE genes have been targeted for altered starch composition using different strategies in several
cereal crops. For example, the loss of function of SBEI contributes to an altered branching pattern
for amylopectin and amylose and reduced coleoptile growth during germination in maize, but has
no effect on starch granule morphology (Xia et al., 2011). In wheat, mutation in both copies (A
and B genome) in SBE4 increased amylose content and led to a 115% increase in resistant starch

content (Hazard et al., 2012). The downregulation of OsSBE3 by RNAI and artificial microRNA
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in rice (Nipponbare) showed increased resistant starch content up to 9.5% (Butardo et al., 2011).
By targeting the same gene (SBE3 or SBEIIb) via CRISPR-Cas9, edited rice lines having higher
RS content have also been obtained, up to 6% (Guo et al. 2020) and 9.8% (Sun et al. 2017). SBEI
was also targeted for CRISP-Cas9 editing; however, no obvious differences were observed
between the mutants and wild type (Sun et al. 2017). It had been reported that multiple gene
mutations in the SBE family significantly improved results in both AC content and grain
physiology. For instance, in potato, simultaneous downregulation of both SBE1 and SBE3 genes
are required to significantly increase the amylose content (Schwall et al., 2000; Tuncel et al., 2019),
whereas reduction in SBE3 alone altered only granule size without changing amylose content. In
the current study, we targeted four SBE genes simultaneously in one gene construct to evaluate the

effects of different combinations of SBE gene mutations on starch composition in rice grains.

Detection of transgene copy humbers is a key step in plant genome editing. Itis important to detect
single-copy transgene-containing transformants at To generation, so the Cas9-gRNA cassette can
be segregated out from the genome in the Ty generation (Xu et al., 2015; Aliaga-Franco et al.,
2019). In this study, we successfully identified four transformed lines with a single-copy transgene
at the T, generation through droplet digital PCR (ddPCR) and subsequently found multiple
transgene-free edited lines at the T: generation. The ddPCR assay is an accurate, precise,
timesaving tool for the detection and evaluation of the transgene copy number in gene editing

experiments.

Due to the natural preference of plant DNA repair systems for the error-prone non-homologous
end joining (NHEJ) mechanism, short insertion and deletions (INDELS) are the most common type

of mutations generated by the CRISPR-Cas9 editing system (Bortesi and Fischer 2015). Deep
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sequencing results of eight T, transformation plants showed that we had a higher percentage of
deletion mutations compared to insertions and substitutions mutations. Moreover, we saw a higher
percentage of biallelic heterozygous mutations in SBE1, SBE2 and SBE4; however, we also
detected more chimeric mutations at the SBE3 gene target. Chimeric mutations have also been
reported previously in other genome-edited studies, including Arabidopsis, tomato, and rice
(Zhang et al., 2014, 2020). We also detected additional mutations or chimeric mutations in SBE2
and SBES3 targets at the T1 generation. This is partly due to the continued presence of the CRISPR-
Cas9 cassette in those lines, which created an additional mutation in the target gene. It has been
reported that CRISPR-Cas9 will likely modify the wild-type allele of the target gene in the progeny
if the parent plants still contained a wild-type allele and the Cas9-gRNA expression cassette
(Zhang et al., 2020). However, the biallelic heterozygous lines for SBE1 and SBE2 followed the
Mendelian segregation ratio at the T1 generation. We did not detect any extra mutations in our
transgene-free edited lines at the T1 generation. P4, the only biallelic homozygous line for SBES3,

showed the same type of mutation in all plants in the next generation.

The length, width, and thickness of grains of mutant lines were significantly lower than those of
wild type. This trend was also previously reported for SBE3 rice mutants (Sun et al., 2017). The
morphological analysis also revealed that the mutant seeds were opaque, and the starch grains were
different in size, shape, and distribution compared to wild-type grains. In general, SBE mutants
also have higher resistant starch and amylose content along with lower total starch content.
However, P4-line plants showed a significantly higher percentage of resistant starch and amylose
content than other lines. This, in part, might be due to biallelic homozygous mutations in the SBE3

gene target in all the P4-line-derived plants. It has been reported that SBE3 is the crucial gene for
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the starch biosynthesis pathway, and mutation of this gene gave high resistant starch and amylose
content in a previous study (Sun et al., 2017). Notably, P4 edited lines showed higher RS content
(Sun et al. 2017; Guo et al. 2020) or similar (Baysal et al. 2020) than previously reported edited
lines. Even so, it is possible that the disruption of other SBE genes also contributes to high RS in
addition to the SBE3 gene, but this needs further investigation. In silico analysis revealed that all
four SBE genes in the P4-2 line had premature stop codons in the coding sequence due to deletions,
which would be expected to lead to a non-functional truncated protein. However, except for SBE3
in the P4 lines, most of the lines were not fixed for knockout mutations at the other loci, and

therefore further studies will be needed in subsequent generations.
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3. OPTIMIZATION OF PROTOPLAST ISOLATION AND TRANSFORMATION AND
ESTABLISHMENT FOR A PILOT STUDY OF GENOME EDITING SYSTEM IN PEANUT

BY TARGETING THE ALLERGEN GENE ARA H 2*

3.1. Introduction

Cultivated peanut or groundnut (Arachis hypogaea L.) is an allotetraploid (2n = 4x = 40) with a
large reservoir of seed oil (~46-58%) and high-quality protein (~22—-32%) (Janila et al., 2016). In
2018, about 45.95 million tons of peanut were produced across 28.51 million ha worldwide (FAQ,
2018). China and India are the leading peanut producers globally, while the USA is fifth.
Traditional peanut breeding has been a lengthy process with difficulties due to polyploidy and
sterility barriers (Wilson et al., 2019). However, the availability of the recently published complete
peanut genome (Bertioli et al., 2019; Zhuang et al., 2019) and bioinformatics resources, such as
the peanut genome database (Dash et al., 2016), has enabled more rapid progress in peanut
genetics, genomics and molecular breeding (- Advances in Genetics and Genomics for Sustainable
Peanut Production, 2011; Pandey et al., 2012a, 2020; Stalker et al., 2013; Liang et al., 2017, 2018,
2020; Ozias-Akinsetal., 2017; Bhat et al., 2021) 1. Furthermore, the implementation of functional
genomics combined with biotechnology, especially DNA recombinant technology, has served as
an essential toolbox that further enables the discovery and characterization of genes of agronomic

importance and speeds up the progress in peanut breeding efforts. Unlike Arabidopsis and rice,

*Reprinted with permission from “Optimization of Protoplast Isolation and Transformation for a Pilot Study of
Genome Editing in Peanut by Targeting the Allergen Gene Ara h 2” by Biswas, S., Wahl, N.J., Thomson, M.J., Cason,
J.M., McCutchen, B.F. and Septiningsih, E.M., 2022. International Journal of Molecular Sciences, 23, p.837,

Copyright 2022 by Sudip Biswas.
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making transgenic peanut plants through Agrobacterium transformation has been known to be
more challenging and low efficiency (Sun et al., 2013). In this case, Agrobacterium rhizogenes has
been frequently used for transformation of hairy roots in peanut (Liu et al., 2016), but there is no
report found to develop mature plants from the transformed root. Although, some products of
transgenic research on peanuts have been developed, including varieties having resistance to
various biotic stresses, such as viruses (Mehta et al., 2013), insects (Keshavareddy et al., 2013)
and fungus (Prasad et al., 2013), and different abiotic stresses, such as drought and salt tolerance
(Banavath et al., 2018), as well as improved grain quality and allergen-free peanut (Dodo et al.,

2008).

Among the most recent techniques in biotechnology, genome editing is the most promising
technology to study gene functions and help speed up crop improvement. Gene editing is a versatile
technology that can be used to more precisely knock out the function of a gene (Liang et al., 2021;
Molina-Risco et al., 2021), inactivate undesirable chromosomal DNA (Zhou et al., 2014), regulate
endogenous genes (Fang et al., 2019), and to introduce novel coding sequences (Ref). Thus far,
three genome editing techniques have been established: zinc finger nucleases (ZFN), transcription
activator-like effector nucleases (TALENS), and clustered regularly interspaced short palindromic
repeats associated with nuclease Cas9 (CRISPR-Cas9) (Razzaq et al., 2019). Among them,
CRISPR/Cas9 genome editing has proven to be the most popular and widely used for its precision
effectiveness and ease; moreover, this technology can be applied in both diploid and polyploid

plants (Wilson et al., 2019).

Despite the economic importance, peanut is less amenable to genome editing technology than other

crops, such as rice, maize, and wheat; therefore, testing and evaluating this technology in such
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crops is deemed an important step. As generating stable genome-edited plants is complex and
labor-intensive (Lin et al., 2018), it is necessary to evaluate the most effective Cas9-gRNA
beforehand. To evaluate the potential of CRISPR-Cas9 system in peanut, a reproducible system
for the design, construction, and delivery of Cas9-gRNA need to be developed and validated via
in vitro and in vivo systems. For in vivo assay, protoplast transformation can be used as a tool to

express genes transiently as well as evaluate the genome-editing efficacy.

Allergenicity to peanuts is one of the most life-threatening food allergies and one of the most
challenging problems faced by peanut breeders and researchers. This problem negatively impacts
the peanut and food industries, and its significant health consequences demonstrate the dire need
to find a cure for this problem. A total of 16 proteins are potentially involved in peanut
allergenicity, four of which have been identified as the most important based on clinical tests
(Mueller et al., 2014). Here we targeted a major allergen gene Ara h 2 for optimizing gene editing
in peanut protoplast. However, since the initial successful isolation of peanut protoplasts about
four decades ago (Oelck et al., 1982), there have been limited reports on the application of
protoplasts in peanut, primarily due to relatively low yields of the protoplasts. In this study, we
describe a simple and efficient protocol for the isolation of peanut protoplasts and its application

for transient gene expression studies.

3.2. Materials and Methods

3.2.1. Plant material

Schubert, a peanut genotype developed by Texas A&M AgriLife Research (Burow et al., 2014),

was used in this study. Schubert is a high-yielding, high-oleic acid, early maturing Spanish-type
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peanut cultivar with improved shell-out. The peanut seedlings were grown in a greenhouse with a

temperature of 32/26 °C (day/night) and a 16/8 h light-dark cycle.
3.2.2. Plasmid preparation and constructs

The 35S:GFP and CmYLCV:GFP vectors were used for checking the transformation efficiency in
this study. Three intermediate module plasmids A, B and C were prepared for the construction of
CRISPR-Cas9 vector of Ara h 2 (Cermak et al., 2017). For module A, CmYLCV promoter from
pMOD_A3003 (Addgene #91043) was inserted into pMOD_A0101 (Addgene #90998) in place
of 35S promoter via restriction digestion and cloned using T4 Ligase (NEB) (Figure S1A and
S1B). The pMOD_B2303 vector was used for module B. The Polycistronic tRNA-gRNA (PTG)
Gene containing two sgRNAs sequences for Ara h 2 (Xie et al., 2015) were synthesized and
incorporated commercially into pUC57 (Genscript Biotech Ltd.). The synthesized pUC57-PTG
was digested with Pstl and Xhol and cloned into the Pstl and Xhol -digested pMOD_B2303 vector
(Addgene #91068) using T4 Ligase (NEB) following the manufacturer’s recommendations
(Appendix Figure 5A and 5C). Modified pMOD_A0101, Modified pMOD_B2303, and empty
vector pMOD_C0000 (Addgene #91081) were assembled into a non-binary vector, pTRANS 100
(Addgene #91198) by simple Golden Gate protocol using the Aarl enzyme (Xie et al., 2015)

(Appendix Figure 5A and 5D).
3.2.3. In vitro efficiency test of sSgRNAS

All steps were performed according to the manufacturer’s instructions for in vitro digestion of
DNA with Cas9 Nuclease (NEB) with a few modifications. In this case, a 27 pl reaction mixture

containing 30 nM of synthesized sgRNA, 30 nM of Cas9 nuclease, and 3 pl of 10x NEB buffer
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3.1 were pre-incubated for 10 minutes at 25°C. Afterward, 100 ng substrate purified PCR product
was added to make a total reaction volume of 30 pul and incubated at 37°C for 1 h. After adding 1
ul of Proteinase K, the reaction mixture was kept for 10 minutes at 56°C, and fragment analysis

was then performed using gel electrophoresis.

3.2.4. Protoplast isolation from peanut

Protoplasts were isolated from different tissues of 5 and 10 days old peanut seedlings according to
previously published protocols (Li et al., 1995; Shan et al., 2014) with some modifications. Briefly,
tissues were cut into latitudinal strips using a sharp razor and transferred the strips into a 150-ml
conical flask containing 20 ml of filter-sterilized enzyme solution (Table 3.1) and wrapped the
flask with aluminum foil. The strips with cell wall-dissolving enzymes were vacuum-infiltrated
by applying a vacuum (~380-508 mmHg) for 30 min in the dark. Next, the strips were incubated
in the dark for 5 h with gentle shaking (50 r.p.m.) at room temperature (RT). After enzymatic
digestion, 25 ml of W5 solution were added to the conical flask and then shaken gently by hand
for 10 s to release the protoplasts. The protoplasts were collected into three or four 50-ml round-
bottomed centrifuge tubes after filtering the mixture through 40-um nylon meshes and washing
the strips on the surface of the nylon mesh 3-5 times with W5 solution. The solution containing
protoplast was centrifuged at 100xg for 2 min at RT in a swinging bucket rotor, and the supernatant
was removed by pipetting. Protoplasts were resuspended in 10 ml of W5 solution and then
collected into a 50-ml round-bottomed tube. Afterward, they were centrifuged at 100xg for 2 min
at RT, supernatant was removed by pipetting, and the protoplasts were then resuspended in 4 ml

of MMG solution and ready for further evaluation.

32



Table 3.1 Solutions used for peanut protoplast isolation and transformation.

Solution Name

Composition

Enzyme solution

3% cellulase RS (Yakult, Tokyo, Japan), 0.1% macroenzyme, 0.5%
pectinase, 0.4 M Mannitol, 20 mM KCI, 20 mM MES (pH 5.7), 10

mM CaCl2, 0.1% BSA

Special instructions: MES, mannitol, H.O, cellulase RS,
macroenzyme and pectinase were stirred and incubated at 55 °C for
10 min. The solution was cooled to room temperature, and CaCl>

and BSA were added in and gently mixed

WS5 solution 154 mM NaCl, 125 mM CaCl,, 5 mM KCI and 2 mM MES (pH
5.7)
Washing and 0.5 M Mannitol, 20 mM KCI and 4 mM MES (pH 5.7)

Incubation Solution

(WS1)

MMG Solution

0.4 M Mannitol, 15 mM MgCI2 and 4 mM MES (pH 5.7)

PEG-CaCl; solution

0.2 M Mannitol, 0.1 M CaCl, 20-80% of PEG 4000
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3.2.5. Protoplast counting and viability test

The total number of protoplasts was counted under a microscope (x100) using a hemocytometer
(XB. K.25, Qiuding, Shanghai, China). Ten microliters of protoplast in MMG solution were added
on the surface of the hemocytometer and carefully covered with a glass slide to avoid bubbles
formation. The number of intact protoplasts in the four corners of the grid was counted under the
microscope. The protoplast density was calculated as follows: Protoplasts number (g~ fresh weight

leave tissue) = the average count of protoplast per squarex 10

Fluorescein diacetate (FDA) and propidium bromide staining (Sigma) were used to determine the
protoplast viability according to the manufactural protocol. In this case, 1 mL each of fluorescein
diacetate and propidium bromide were added to a tube containing 98 mL of water or PBS. After
that, 10 mL of the 10X stain solution was added to 90 mL of protoplast cells and mixed well by
gently tapping. After incubation for 2 min, the viability of protoplasts was determined with Echo
revolve-microscope under ultraviolet light. The viable protoplasts were stained green, whereas
the dead cells and cell debris were not stainable. The viable protoplasts ratio was calculated as
follows: percentage of viable protoplasts = (fluorescing protoplasts determined under fluorescence

microscope)/ (total protoplasts observed under the bright field).

3.2.6. Protoplast transfection

PEG-mediated transfection was performed following a previously published method (Li, 2011)
with some modifications. The 15 ml conical bottom tubes were coated with 5% FBS (fetal bovine
serum), spun at 100xg for 2 min, and the FBS was removed. Next, 100 pl DNA (20-300 pg of

plasmid DNA) were added to 400 uL of protoplasts suspension (2x10° total cells), gently flicked
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and inverted to mix thoroughly. Afterward, 460uL of PEG-CaCl; solution was added, and the tube
was gently inverted several times until fully mixed and incubated at room temperature in the dark
for 5-50 min. After incubation, 3 mL of W5 solution were added to stop the reaction, inverted
several times gently until fully mixed, and centrifuged at 100xg for 2 min, and the protoplast pellet
was then recovered by carefully removing the supernatant. The protoplast pellet was then
resuspended with gentle inversions and minimal pipetting in 200uL WS1 solution and incubated
in the dark at room temperature. Then protoplast viability was measured using light microscopy,
and the transformation efficiency with GFP plasmid was calculated using a fluorescence

microscope on a hemocytometer after 24h and 48h of transformation.

3.2.7. Deep amplicon sequencing

At four days post-transfection under dark conditions, the peanut protoplasts were collected by
centrifugation at 13000 RPM, and genomic DNA was then extracted with the CTAB protocol
(Doyle and Doyle, 1987). The Cas9-sgRNAs target sites of DNA segments were amplified with
Phusion polymerase using pairs of allele-specific primers listed in Table S1. PCR was performed
with an initial denaturation step of 98°C for 30 s, followed by 32 cycles of 98°C for 30 s, 55-58°C
for 30 s, and 72°C for 30 s, and a final extension of 72°C for 7 min. The PCR product was then
purified by gel extraction. The site-specific primer was designed and used for the first-round
amplicon PCR using the KAPA HiFi HotStart ReadyMix PCR Kit (KAPA BIOSYSTEMS) (Table
S1). This PCR was done with an initial denaturation step of 98°C for 30 s, followed by 25 cycles
of 98°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and a final extension of 72°C for 5 min Next,
forward and reverse barcodes for amplicon library construction were added to the PCR products

for the second round of PCR with a protocol with an initial denaturation step of 98°C for 30 s,
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followed by 8 cycles of 98 °C for 30 s, 55°C for 30 s, and 72 °C for 30 s, and a final extension of
72 °C for 5 min. Each sample corresponded to a unique pair of barcodes. The products of 1st and
2nd round amplicon PCR were purified using CleanNGS kit according to the manufactural
protocol. The libraries were pooled into equimolar concentrations for multiplexed sequencing on
the lllumina MiSeq platform (Illumina, San Diego, CA) with 2x150 run parameters at Texas A&M
Institute for Genome Sciences and Society (TIGSS) lab TAMU (https://genomics.tamu.edu/)). The
obtained next-generation sequencing data were analyzed using CRIS.py (Connelly and Pruett-
Miller, 2019). Indels located around the Cas9 cleavage site (3 bp upstream of the protospacer—

adjacent motif sequence) were considered to be mutations induced by Cas9.

3.3. Results
3.3.1. An efficient method of protoplasts isolation from peanut seedlings

Protoplasts offer a convenient and reliable system to optimize gene editing in plants (Lin et al.,
2018). Selecting the proper source of plant tissue is the first critical step for obtaining a high yield
of protoplasts. In this study, we isolated protoplast from three different tissues of 10 days old
peanut seedlings (Figure 3.1A). The yield of cells from fully expanded leaves (section i) was higher
than those of unexpanded leaves (section ii) and hypocotyl (section iii), but the shape of the
protoplast from section i was spherical (Figure 3.1C). From both sections ii and iii, we found oval-
shaped protoplasts, although the protoplast yields were much lower, especially from section iii.
Moreover, we also compared the protoplast yields of the unexpanded leave from 5 days old peanut
seedlings (Figure 3.1B). The results showed that the yield of protoplasts isolated from 5 days old

seedlings was higher than that of the 10 days old peanut seedlings (Figure 3.1D). Considering
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protoplast yield and shape, unexpanded leaves from 5 days old seedlings have been the most

suitable source of plant tissue.

(D)

Total number of
cells g* (x 10%)

Fully expanded leaves (10 days old) 130 Spherical
ii Unexpanded leaves (10 days old) 90 Oval
il Hypocotyl (10 days old) 5 Oval
iv Unexpanded leaves (5 days old) 240 Oval

Figure 3.1 Protoplast isolation from different tissues and ages of peanut seedlings: A) 10 days
old, B) 5 days old peanut seedlings; C) protoplast from different tissues (i, ii, iii and iv) of A and

B; D) the total number of protoplast and their shapes from different tissues of peanut seedling.

3.3.2. Temperature effect on protoplast viability

Temperature plays a crucial role in protoplast viability. We kept and tested the protoplast viability
at three different temperatures (4°C, 13°C and 23°C) after isolation. The result showed that the
number of both total and viable protoplast decreased as the temperature increased (Figure 3.2).
There were more viable protoplasts at 4°C than other temperatures. Unfortunately, all the
protoplasts died at 23°C for 48h. The protoplast at 13°C for 24h showed a similar viability rate as

4°C, although the viability was considerably decreased after 48h. For further experiments, we
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selected the condition at 13°C for 24h as an ideal condition for peanut protoplast transformation
because we found the highest transformation efficiency and viability with CmYLCV:GFP plasmid
(data not shown). Although the protoplast showed the highest viability at 4°C, we did not find any

GFP expression even after 96h of transformation.

We also tested the two constitutive promoters' activity (35S and CmYCLV promoters) in peanut
protoplast and found that protoplast transformed with CmYLCV:GFP gave higher transformation
efficiency than 35S:GFP based on the number the GFP expressing protoplast ( Appendix Figure
6). Thereby, CmYLCV:GFP plasmid was used for further optimization.
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Figure 3.2 Protoplast viability test under different temperature, A)-G) Micrograph of viable
protoplasts stained with FDA under fluorescence field kept at three temperature points (4°C, 13°C
and 23°C) for 24h and 48h. H) The effects of temperature on the number of protoplasts. The

number of total protoplasts and viable protoplasts was counted after 24 h and 48 h cultivation.
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Values represent means = SE (n = 7). The different letters indicate significant differences at P <

0.05.

3.3.3. Effects of PEG concentration on protoplast transformation efficiency and viability

Polyethylene glycol (PEG) is widely used to directly deliver DNA or plasmid into individual plant
cells or protoplast. We tested the effects of different PEG 4000 concentrations on protoplast
transformation efficiency, with concentrations (w/v) ranging from 20% to 80% (Figure 3.3 and
Appendix Figure 7). In each treatment, the different PEG concentrations were tested with the
optimal DNA and 5-min DNA incubation time. Additionally, the effect of PEG concentrations on
protoplast viability was also tested. After 5 min PEG incubation and 24 h cultivation, it was evident
that the 50% PEG concentration gave the highest transformation efficiency (TE) up to 7% (Figure
3.3A) based on GFP expressed protoplasts. The numbers of total intact and viable protoplasts
decreased as the PEG concentration increased (Fig. 3.3B), which partly might be caused by the
PEG-induced high permeability. Based on our observation, the 50% PEG concentration also gave

the highest TE up to 7% and proper viable protoplasts.
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Figure 3.3 Effect of PEG concentration on protoplast transfection; A) transformation efficiency
(TE) of protoplasts cultivated with various concentrations of PEG. TE was calculated after 24 h
cultivation. B) The effects of PEG concentration on the number of protoplasts. The number of total
protoplasts and viable protoplasts counted after 24 h cultivation. Values represent means + SE (n

=7). The different letters indicate significant differences at P < 0.05.

3.3.4. Effects of plasmid concentrations on transformation efficiency

The amount of plasmid concentration is also critical for protoplast TE. Using the optimized
conditions (50% PEG, incubated for 5 min), we examined the effects of different concentrations
of CmYLCV:GFP plasmid on TE of peanut protoplasts (Figure 3.4 and Appendix Figure 8). The
results showed that TE increased up to 7% with the increasing amount of plasmids from 20 to 300
ug, and the concentrations between 250 — 300 pg plasmids gave the highest TE (Figure 3.4). It is
worth mentioning that the viability of protoplasts does not change due to the increase of plasmid

concentration (data not shown).
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Figure 3.4 Effects of plasmid concentrations on protoplast transfection. The transformation efficiency (TE)
of protoplasts cultivated with various concentrations of plasmids. The protoplast TE was evaluated after
incubation in 50% PEG solution for 10 min. Values represent means + SE (n = 7). The different letters

indicate significant differences at P < 0.05.

3.3.5. Effects of PEG incubation time on protoplast transformation efficiency

To identify the optimum PEG incubation time, we examined the effect of different PEG incubation
times on TE and protoplast viability (Figure 3.5 and Appendix Figure 8). The results showed that
the TE was the highest (up to 7%) after incubation for 5 min with the 50% PEG concentration
(Figure 3.5A), and afterward (> 5 mins) TE decreased. The total protoplasts and viable protoplasts

from these various incubation times also had a similar trend (Figure 3.5B). Therefore, we inferred
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Figure 3.5 Effects of PEG incubation time on protoplast transfection. A) The transformation efficiency
(TE) of protoplasts cultivated with various PEG incubation time. B) The effects of PEG incubation time on

the number of protoplasts. The number of total protoplasts and viable protoplasts was counted after 24 h
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cultivation. The protoplasts TE was evaluated after incubation in 50% PEG solution. Values represent

means + SE (n = 7). The different letters indicate significant differences at P < 0.05.

3.3.6. Selection of DNA sequence of Ara h 2 gene target and vector construction

The coding sequence of Arah 2 (NM_001376217.1) was used to search for homologous sequences
within the reference peanut genome database (http://peanutbase.org), and two copies of Ara h 2
(Ara h 2A and Ara h 2B) were identified in the A and B genomes (Figure 3.6 A). The conserved
regions for both copies were identified, amplified with allele-specific primers ( Appendix Table
4), and sequenced. To increase the chance of disrupting the Ara h 2 gene sequence, two distinct
gRNAs (gRNA1 and gRNA2) were designed. The CRISPR-P program was used to identify gRNAs
with the highest efficacy and the least off-target potential (Liu et al., 2017a). The Polycistronic
tRNA-gRNA (PTG) construct bearing the two sgRNAs was cloned into a nonbinary vector
(pTrans_100). ( Appendix Figure 5 and Figure 3.6 B). The Cas9 gene and tRNA-gRNA (PTG)

were expressed under the control of the CmYLCV promoter (Appendix Figure 5 and Figure 3.6B).

3.3.7. In vitro test of sgRNA efficiency

In vitro ribonucleoprotein (RNP) assay for the two gRNAs targeting a PCR amplicon flanking the
target site of the peanut Ara h 2 gene was performed using the RNP complexes with purified Cas9
(Invitrogen) and synthetic gRNAs (Synthego). The negative controls had uncut PCR products,
while three bands were seen for the cut amplicon with gRNA1 and gRNA2, indicating that both

sgRNAs efficiently cut their target nucleotide sequences in the Ara h 2 gene copies (Figure 3.6C).
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Figure 3.6 Schematic diagram of the peanut Ara h 2 target gene copies, tRNA-sgRNAs of Ara h 2 and in
vitro digestion of Ara h 2 gene targets; A) Schematic diagram representation of peanut Ara h 2 gene copies
at A and B genome and gRNA target regions. B) Schematic diagram representation of tRNA-sgRNAs of
Ara h 2; C) In vitro digestion of Ara h 2. L1 and L10: 1kb* ladders; L2: uncut Ara h 2A target region

(genome A); L3: Ara h 2A target region digested with Cas9 and sgRNAL (expected bands of 399 bp and
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376 bp); L4: uncut Ara h 2B target region (genome B); L5: Ara h 2B target region digested with Cas9 and
SgRNAL (expected bands of 396 bp and 380 bp); L6: uncut Ara h 2A target region (genome A); L7: Arah
2A target region digested with Cas9 and sgRNA2 (expected bands of 596 bp and 199 bp); L8: uncut Ara h
2B target region (genome B); L9: Ara h 2B target region digested with Cas9 and sgRNA2 (expected bands

of 564 bp and 212 bp).

3.3.8. Editing of Ara h 2 gene in peanut protoplast

To test the gene-editing efficacy of CRISPR-Cas9 vector for Ara h 2, peanut protoplasts was
transformed with our optimized protocol. Genomic DNA was extracted to amplify the DNA
fragment containing the target site. Targeted deep sequencing of targeted PCR products obtained
from the isolated genomic DNA from each protoplast pool was used to detect the editing efficiency
and patterns. The sequencing results revealed various indel mutation frequencies ranging from
0.13% to 0.8% for each CRISPR sgRNA sample (Table 3.2). Notably, on plant sample S2, both
sgRNAs cut both genomic copies of Ara h 2 and deleted several nucleotides of the target genes.

On the other hand, on plant sample S1, the two sgRNAs only edited genome A of Ara h 2 gene.

44



Table 3.2 Mutation analysis by targeted deep sequencing in Ara h 2 gene.

Plant no Ara h 2 gRNA target region (5'-3') Type of edit Editing
Efficiency
Ara h 2A (genome A) gRNAL NGS results
WT GCTGCCCACGCATCTGCGAGGCAGCAGTGGGAACTCCAA
S1 GCTGCCCACGC------ TGCGAGGCAGCAGTGGGAACTCCAA 3 bp deletion 0.8%
S2 GCTGCCCACG---------- GCGAGGCAGCAGTGGGAACTCCAA 5 bp deletion 0.37%
Ara h 2B (genome B) gRNA1 NGS results
WT GCTGCCCACGCATCTGCGAGGCAGCAGTGGGAACTCCAA
s1 GCTGCCCACGCATCTGCGAGGCAGCAGTGGGAACTCCAA No edit
S2 GCTGCCCACGC-------- GCGAGGCAGCAGTGGGAACTCCAA 4 bp deletion 0.20%
Ara h 2A (genome A)gRNA2 NGS results
WT GGGAGGCAACAGGAGCAACAGTTCAAGAGGGAGCTCAG
s1 GGGAGGCAACAGGAGCAAC------------- AGAGGGAGCTCAG 6 bp deletion 0.14%
S2 GGGAGGCAACAGGAGCAACAG------ AAGAGGGAGCTCAG 3 bp deletion 0.13%
Ara h 2B (genome B) gRNA2 NGS results
WT GGGAGGCAACAGGAGCAACAGTTCAAGAGGGAGCTCAG
s1 GGGAGGCAACAGGAGCAACAGTTCAAGAGGGAGCTCAG No edit
S2 GGGAGGCAACAGGAGCAACAG------ AAGAGGGAGCTCAG 3 bp deletion 0.16%

3.4. Discussion

Isolation of high yield and good quality protoplasts depends on the proper tissue materials and age
of the plants (Wang et al., 2021). For leguminous crops like chickpea and soybean, fully expanded
leaves are the best choice for protoplasts isolation (Wu and Hanzawa, 2018; Cheng and Nakata,
2020). However, our results on peanut protoplast demonstrated that the best tissue for protoplast
isolation was unexpanded leave from 5 days old seedling (Figure 3.1). Using such type of leaf
tissues, oval-shaped cells were identified and being used successfully in PEG-mediated
transformation. Spherical-shaped cells were recovered from the isolation of the expanded leaves

of the peanut plants; however, this type of cells failed to be used in the PEG-mediated
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transformation. This may indicate that the oval-shaped cells were the true protoplasts, while the

spherical-shaped cells were presumably spheroplasts (Taiz and Jones, 1971).

Temperature is another crucial factor for maintaining the viability of the isolated protoplasts. Most
plant protoplasts are stable at room temperature (23°C-28°C) (Reed and Bargmann, 2021). In
contrast, however, our experiments showed that all the peanut protoplasts died at 23°C after 48h.
Next, we tested the viability of protoplasts at 4°C and 13°C and showed that the 13°C was the
ideal temperature for the PEG-mediated transformation. The optimum concentration of PEG and
the duration of the PEG incubation time are other criteria that need to be considered for increasing
transformation efficiency in protoplasts; it varies from plant to plant (Lin et al., 2018; Reed and
Bargmann, 2021). Our data showed that 50% of PEG and 5 min incubation time were ideal for
peanut protoplast transformation. The concentration of the plasmid is also a key factor in protoplast
transformation. Different amounts of plasmids, such as 15 ug for wheat (total volume 460ul) , 20
ug for rice (total volume 460ul), 30 pg sugarcane (total volume 230 ul), have been reported to be
the optimal amounts of DNA in their optimized protocols with approximately TE 70-80% for
protoplast transformation, respectively (Shan et al., 2014; Brandt et al., 2020; Wang et al., 2021).
Moreover, 2.73% transformation efficiency was achieved in oil palm protoplast using 40% PEG
and 50 pg plasmid, which was highest for this plant (Masani et al., 2014). However, we obtained

7% transformation efficiency after using 250-300 pg of CmYLCV plasmid in our experiment.

Gene editing technology has not yet been used widely in peanut. Thus far, the only reported study
of gene editing in peanut was the knocking out of the FAD2 gene using the CRISPR/Cas9 system
through the Agrobacterium rhizogenes mediated hairy root transformation (Yuan et al., 2019).
However, there has been major limitation of the hairy root-regenerated transformants, which is the

integration of unwanted pRi T-DNA (Hudzieczek et al., 2019). The presence and expression of the
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oncogenes in pRi T-DNA may cause some problems in analyzing the phenotypic evaluations of
the transgenic lines. The major limitation of this approach is that since shoots are not transformed
and mature complete plants is not possible either by vegetative propagation or self-fertilization.
The use of Agrobacterium tumefacient-mediated transformation may overcome such problems
(Gelvin, 2003); however, the effectiveness of Cas9-gRNAs of the target gene needs to be evaluated
first before generating stable transformants to increase the chance of our success. For this purpose,

PEG-mediated protoplast transformation can be used, such as conducted in this study.

In order to increase our chance of success, two gRNAs were designed to disrupt allergen gene
function in the peanut cultivar Schubert. Due to the natural preference of DNA repaired system for
the non-homologous end joining (NHEJ), insertion and deletions (INDELS) are the most common
type of mutations that occurred by CRISPR-Cas9 editing system (Bortesi and Fischer, 2015). We
verified that all the gRNAs efficiently cut their respective allergen target site through in vitro
digestion with Cas9 protein and identified two edited samples after transformation with
CRISPR_Cas9 plasmid. In silico analysis revealed that all the edited plants had different nucleotide
changes due to deletions. For the edited sample S2, premature stop codons were generated in the
coding sequence of both gene copies. Meanwhile, for the edited sample S1, the coding sequences
of Ara h 2A completely changed due to the deletions in the two gRNA regions (Appendix Figure

8).
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4. OPTIMIZATION OF PRIME EDITING IN RICE AND PEANUT PROTOPLASTS BY

RESTORATION OF GFP ACTIVITY

4.1. Introduction

Precise gene editing promises to be a crucial tool for functional genomics studies and crop
improvement. Precise sequence deletions, insertions, and replacements have been performed by
homology-directed repair (HDR) of double-stranded breaks (DSBs) through the presence of a
donor DNA template (Xu et al., 2020a). However, HDR used in basic plant research and crop
improvement is still very limited because of its low efficiency and the difficulty of DNA template
delivery (Molla and Yang, 2020). Yet, this technique is important in plant breeding for large

sequence insertion/precise knock-in and complex DNA modification (Lu et al., 2020).

Base editing (BE) is recognized as an alternative tool to HDR-mediated replacement that greatly
enhances crop breeding opportunities for allele modifications where base substitutions are needed
(Lietal., 2017; Lu and Zhu, 2017; Veillet et al., 2019). Base editing can perform up to 100-fold
higher efficiency than HDR in obtaining desired mutations (Molla and Yang, 2019). Cytosine and
adenine base editors (CBEs and ABES) are the two groups of base editors widely used that can
install C*G-to-T*A and A*T-to-G+C transitions, respectively (Mishra et al., 2020). For CBE, the
Cas9 nickase (nCas9) or catalytically dead Cas protein (dCas9) is fused with a cytidine deaminase
that converts the original C to T in the targeted DNA region (Komor et al., 2016). In ABE, nCas9
or dCas9 is fused with adenosine deaminase, which permits A-T to G-C base substitutions in the

target DNA sequence (Nishida et al., 2016). Both CBEs and ABEs have been well established in
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various crops, including rice, wheat, maize, tomato, and cotton (Shimatani et al., 2017; Zong et

al., 2017; Kang et al., 2018; Li et al., 2018a; Qin et al., 2020).

Although base editors in plants are highly efficient, they can perform only four types of base
changes; however, manipulation of many agronomic traits may require the other eight nucleotide
substitutions (A*T-t0-C¢G, C*G-t0-A°T, T*A-t0-A*T and G+C-to-C+G), or precise deletions and
insertions (Xu et al., 2020b). Prime editing systems have the capability to perform efficient and
precise genome editing in these circumstances (Anzalone et al. 2019). There are three prime editor
systems (PPEs): PPE2, PPE3, and PPE3b. PPE2 consists of a nCas9 (H840A) fused to an
engineered M-MLYV reverse transcriptase (RT), and a pegRNA composed of a primer binding site
(PBS) and an RT template. PPE3 adds nicking single guide RNA (sgRNA) to cleave the non-
edited strand, facilitating favorable DNA repair. In PPE3b, this nicking sgRNA targets the edited
sequence, thereby preventing nicking of the non-edited strand until after editing occurs, resulting

in fewer indels in mammalian cells (Anzalone et al., 2019).

Some studies using prime editing have been recently published in plants, including rice, wheat,
maize, potato, and tomato (Jiang et al., 2020; Lin et al., 2020; Tang et al., 2020; Veillet et al., 2020;
Xu et al., 2020a; Lu et al., 2021). In wheat, the frequencies of single nucleotide substitutions,
including A-to-T, C-to-G, G-to-C, T-to-G, and C-to-A reached up to 1.4% (Lin et al., 2020).
Interestingly, using dual PEG and designing perfect PBS, prime editing efficiency was increased
up to 17% in rice (Lin et al., 2021) . Considering the usefulness of this technology, prime editing
efficiency needs to be further improved in different crops. This study aimed to further optimize

prime editing in both rice and peanut protoplasts by transiently targeting a mutant GFP to restore
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functionality. We used three promoters to develop the vectors with different combinations and

tested their efficiency in both rice and peanut.

4.2. Materials and methods

4.2.1. Plant material

The temperate japonica rice cultivar Nipponbare was used for this study. For peanut, a cultivar
developed by Texas A&M AgriLife Research, Schubert, was used (Burow et al., 2014). The peanut
seedlings were grown in a greenhouse with a temperature of 32/26 °C (day/night) and a 16/8 h

light-dark cycle.

4.2.2. Prime editing vector construction

CmYLCV_GFP_HSP and 35S _GFP_NOS vectors were used for active GFP expression in
protoplasts. For the development of the prime editing vectors, we used three intermediate module

plasmids A, B, and C and one backbone vector, pTRANS_100 (Cermak et al., 2017) (Figure 4.1).

For making a mutant GFP vector, a stop codon (TAG) (changing C to G at 202 positions) was
inserted in the coding sequence of GFP by overlapping PCR and cloned into CmYLCV_GFP_HSP
vector by removing active GFP sequence through restriction digestion cloning with T4 DNA ligase
(NEB, Ipswich, MA, USA). CmYLCV_mutant GFP_HSP was modified as Module A (Figure

4.1A).

For making pegRNAs, four gRNAs were designed at the mutated GFP position. The efficiency of

the gRNAs was checked using the in vitro digestion of DNA with Cas9 Nuclease (NEB, Ipswich,
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MA, USA) provided by the manufacturer with a few modifications. In this case, a 27 ul reaction
mixture containing 30 nM of synthesized sgRNA, 30 nM of Cas9 nuclease, and 3 pl of 10x NEB
buffer 3.1 were pre-incubated for 10 minutes at 25 °C. Afterward, 100 ng purified PCR product
was added to make a total reaction volume 30 pl and incubated at 37 °C for 1h. After adding 1 pl
of Proteinase K, the reaction mixture was kept for 10 minutes at 56 °C, and fragment analysis was

performed using gel electrophoresis.

To target the GFP mutation, two single pegRNAs were designed using pegFinder (Chow et al.,
2021), and one dual pegRNA was designed using PlantPegDesigner (Lin et al., 2021). An
endogenous tRNA processing system was used for the dual pegRNA expression (Xie et al., 2015).
All pegRNAs were synthesized and cloned into pMOD_2515b/pMOD_B2303 where pegRNAS
were driven by the OsU6/CmYLCV promoter (Figure 4.1B). The nCAS9 and M-MLV RT were
amplified from nCas9-PPE plasmid (Addgene #140445) and cloned into the 35S _GFP_NOS
vector by removing the GFP. For making CmYLCV_nCAS9 + M-MLV_NOS, CmYLCV was placed
by removing 35S promoter from 35s nCAS9 + M-MLV_NOS plasmid (Figure 4.1C). The
CmYLCV_mutant GFP_HSP (module A), and pMOD_2515b/pMOD_B2303 pegRNA (Module
B) and 35S/CmYLCV_nCAS9+M-MLV_NOS (Module C) were cloned into a non-binary

pTRANS_100 through golden gate assembly cloning (Cermak et al., 2017) (Figure 4.1D).
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4.2.3. Protoplast isolation and transfection

Rice protoplasts were isolated from the stems of 10-12 days old rice seedlings according to
established protocols (Li etal., 1995; Shan et al., 2014) with some modifications. Briefly, the stems
and sheaths of ~30 rice seedlings per trial (total 100-120 seedlings) were cut into latitudinal strips.
The strips were transferred into a 150-ml conical flask containing 50 ml of filter-sterilized enzyme
solution (1.5% (w/v) Cellulase RS, 0.1% (w/v) Macerozyme R-10, 0.4 M Mannitol, 20 mM KCI
and 20 mM MES (pH 5.7)) and the flask was wrapped with aluminum foil. The strips with cell
wall—digesting enzymes were vacuum-infiltrated by applying a vacuum (~380-508 mmHg) for 30
min in the dark. Next, the strips were incubated in the dark for 5 h with gentle shaking (50 rpm) at
room temperature. After enzymatic digestion, 50 ml of W5 solution (154 mM NacCl, 125 mM
CaClz, 5 mM KCI, 2 mM MES (pH 5.7) was added to the conical flask and then shaken gently by
hand for 10 s to release the protoplasts. The protoplasts were collected into three or four 50-ml
round-bottomed centrifuge tubes after filtering the mixture through 40-pum nylon mesh and
washing the strips on the surface of the nylon mesh 3-5 times with W5 solution. The solution
containing protoplasts was centrifuged at 250 g for 3 min at room temperature (RT) in a swinging
bucket rotor, and the supernatant was removed by pipetting. The protoplasts were resuspended in
10 ml of W5 solution, collected into a 50-ml round-bottomed tube, and centrifuged at 250 g for 3
min at room temperature. The supernatant was removed by pipetting, and the protoplasts were
resuspended in 4 ml of MMG solution (0.4 M Mannitol, 15 mM MgCl, and 4 mM MES (pH 5.7)).
The density of protoplasts was determined under a microscope (x100) with a hemocytometer.

Rice protoplast transfection with the prime editing vectors was performed using PEG

53



(polyethylene glycol) according to Shan et al., 2014. Peanut protoplasts and transformation were

performed according to the protocol by Biswas et al., 2022.

4.2.4. Microscopy analysis

The total, viable, and GFP-expressed protoplasts were counted with the microscope under normal
light and fluorescent light (ECHO Revolve). The transformation efficiency of each prime editing

vector was calculated after the 24h of transformation.

4.2.5. Mutant analysis

After 4-5 days post-transfection under dark conditions, both rice and peanut protoplasts were
collected by centrifugation at 13000 rpm. RNA was extracted following the protocol of the Zymo
plant RNA isolation Kit (Zymo, Irvine, CA, USA). Next, cDNA was synthesized according to the
manufacturer’s protocol (RevertAid First Strand cDNA Synthesis Kit, ThemoFiser Scientific,
Waltham, MA). The targeted edited region of GFP was amplified with the Phusion Taq polymerase
by primer sets (Forward GFP: 5'-GTCCCAATTCTTGTTGAATTAGATG-3' and reverse_GFP:
5-ACAGGTAATGGTTGTCTGGTAAAAG-3) as following protocol:  with an initial
denaturation step of 98°C for 30 s, followed by 30 cycles of 98°C for 30 s, 58°C for 30 s, and 72
°C for 30 s, and a final extension of 72°C for 7 min. PCR products of GFP were purified by gel
extraction and cloned into a TOPO vector (ThemoFiser Scientific, Waltham, MA). The positive

clones were sequenced through the Sanger sequencing.
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4.3. Results

4.3.1. Design of mutant GFP and sgRNA test for PEG RNAs

One stop codon (ATG) was inserted in the coding region of GFP by changing C to G at position
202 (Figure 4.2A). Four gRNAs were designed using CRISPR-P2 and their efficiency was tested
by in vitro digestion with Cas9 RNPs. All four gRNAs cut the target GFP sequence efficiently
(Figure 4.2C). Out of four, two gRNAs were used for pegRNA design depending on to close

proximity of the mutation site (Figure 4.2B).

A) B)
[ cmyLcv-P | MptantGre | HSP | - T L V T T L T . 6 V Q@ C F S R 74
178- ACC CTG GTC ACC ACC CTG ACC (’AG GGC GTG CAG TGC TTC TCC CGT-222
Gp ST L VT T LT . GV .QCEF SR Y
Mutant GFP 1,6 acc TG GTC ACC ACC CTG ACC TAG GGC GTG CAG TGC TTC TCC CGT-222 PegRNA spacer (gRNA)
pegRNA spacer Forsi
or single and dual PEG
Activegep S T L V T T L T Y 6 V. Q CF S R -74 (gRNA) for dual S
178- ACC CTG GTC ACC ACC CTG ACC TAC GGC GTG CAG TGC TTC TCC CGT -222 PEG target 8
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P
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Figure 4.2 A) Map of mutant GFP, B) position of pegRNA spacer/gRNA for single pegRNA and dual
pegRNA and C) invitro-digestion of gRNAs. L1 and L8: 1kb* ladders; L2 and L7: uncut mutant GFP
target region; L3: mutant GFP target region digested with Cas9 and sgRNA4 (expected bands of 531 bp

and 190 bp); L4: mutant GFP region digested with Cas9 and sgRNAS3 (expected bands of 518 bp and 203
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bp); ); L5: mutant GFP region digested with Cas9 and sgRNA2 (expected bands of 522 bp and 199 bp); );

L6: mutant GFP region digested with Cas9 and sgRNAL (expected bands of 521 bp and 200 bp);

4.3.2. Making of Mutant GFP vector and test in protoplasts

An expression vector containing the mutant GFP sequence driven by the CmYLCV promoter was
developed (Figure 4.3A). For introducing a stop codon in the GFP coding sequence, overlapping
PCR was performed, and the mutant GFP was inserted into module A vector by removing active
GFP through restriction digestion cloning. The mutant GFP vector was then tested in both rice
and peanut protoplasts along with the active GFP expression vector as a control. After 48 h of
transformation, no GFP expression was seen in both rice and peanut protoplasts. In contrast, a high
level of GFP expression was seen in rice and peanut protoplasts with the active GFP vector (Figure
4.3B). The result showed that the activity of GFP was successfully terminated by the insertion of

a stop codon (TAG).
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Figure 4.3 A) Cloning of mutant GFP and B) Test of active GFP and mutant GFP in both peanut and rice
protoplast. Micrographs of protoplasts expressing active GFP and mutant GFP under GFP field for both
peanut and rice. For peanut, the condition was 50% PEG, 5 min PEG incubation time and 300pg plasmid

DNA of each vector. For rice, the condition was 40% PEG, 20 min PEG incubation time and 20ug plasmid

DNA of each vector.
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4.3.3. Test of prime editing vectors in rice and peanut

Four types of prime editing vectors were used to test the efficiency of prime editing in both rice
and peanut protoplasts, and GFP expressions were then evaluated at 24h after post-transformation
(Figure 4.4). Both single pegRNAs containing vectors showed low GFP expression in rice
protoplasts (Figure 4.4). However, both dual pegRNAs containing vectors gave significantly
higher expression than the single pegRNAs vectors (Figure 4.4). This result demonstrated that dual
pegRNAs vectors had higher prime editing efficiency (16 times) than the single pegRNAs vectors
in rice. We did not see any GFP expression in the negative control (Figure 4.4A), but higher GFP
expression/transformation efficiency (60%) was found in rice protoplasts transformed with the
CmYLCV_GFP expression vector (Figure 4.4F). We successfully obtained edits of mutant GFP
position (G to C) in rice protoplast using the dual pegRNA1 containing vectors through Sanger
sequencing (Figure 4.4H).
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Figure 4.4 Prime editing results in rice protoplasts using single and dual pegRNAs containing vectors.
Micrograph of A) negative control (no GFP plasmid/prime editing vectors); B) protoplasts with single
pegRNA 1 containing editing vector; C) protoplasts with single pegRNA 2 containing editing vector; D)
protoplasts with dual pegRNA 1 containing editing vector; E) protoplasts with dual pegRNA 2 containing
editing vector F) positive control (protoplasts with CmYLCV_GFP vector); G) The transformation
efficiency (TE) of protoplasts transformed with different prime editing vectors; The protoplasts TE was
evaluated after incubation in 40% PEG solution with 20pug plasmid DNA of each prime editing vector.
Values represent means + SE (n = 6). The different letters indicate significant differences at P < 0.05. H)

Sanger sequencing result of active GFP, mutant GFP and sample transformed dual pegRNA 1 containing

vector.
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GFP expressions were also evaluated at 24h after post-transformation in peanut protoplasts (Figure
4.5). Unfortunately, we did not get any GFP expression in peanut protoplasts with two single
pegRNAs and one dual pegRNA containing prime editing vectors (Figure 4.5B, 4.5C, 4.5D). But
one dual pegRNA vector where all the genes (nCAS9-M_MLYV, dual pegRNA and mutant GFP)
were expressed by CmYLCV promoter showed lower GFP expression in peanut protoplast (Figure
4.5E, 4.5G). As expected, there was no GFP expression in the negative control (Figure 4.5A);
however, we found good GFP expression in peanut protoplasts with the positive control

(CmYLCV_GFP) (Figure 4.5F).
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Figure 4.5 Prime editing results in peanut protoplasts using single and dual pegRNAS containing vectors.
Micrograph of A) negative control (no GFP plasmid/prime editing vectors); B) protoplasts with single
pegRNA 1 containing editing vector; C) protoplasts with single pegRNA 2 containing editing vector; D)
protoplasts with dual pegRNA 1 containing editing vector; E) protoplasts with dual pegRNA 2 containing
editing vector F) positive control (protoplasts with CmYLCV_GFP vector); G) The transformation
efficiency (TE) of protoplasts transformed with different prime editing vectors. The protoplasts TE was
evaluated after incubation in 50% PEG solution with 300ug plasmid DNA of each prime editing vector.

Values represent means = SE (n = 6). The different letters indicate significant differences at P < 0.05.

4.4. Discussion

Although the CRISPR-Cas9 system creates revolutionary changes in the field of agriculture,
precise genome editing still remains a challenge in plants. In plants, the homology-directed repair
is limited due to low efficiency and challenges in delivering the template DNA to make precise
edits (Ali et al., 2020). The first set of base editors, cytosine and adenine base editors (CBEs and
ABES) have several drawbacks, including lower efficiency, the possibility of off-target mutations
effects, and their limitation in editing only four types of base changes (Rees and Liu, 2018). Prime
editing, however, has a more versatile capability for broader applications in crop improvement
through making more precise edits through insertions, deletions and substitutions with all types of

possible combinations of bases (Hassan et al., 2020).

Although the first prime editing prototypes were also limited by the low editing efficiency,
recently, by using two prime editing guide (peg) RNA (dual PEG) in trans direction for the same
target location, up to 17% editing efficiency was obtained (Lin et al., 2021). In this study, we

successfully developed vectors for prime editing through Golden Gate assembly and demonstrated

61



their efficacy in one monocot and one dicot plant. | found higher editing efficiency (16%) in rice,
similar to previously published data (Lin et al., 2021), where up to 60% transformation efficiency
was found with the positive control (35S_GFP plasmid). However, we obtained a lower
percentage of edits in peanuts, which partly might be due to the lower transformation efficiency in

protoplast to start with, which is about 7% (Biswas et al., 2022).

Testing of the CRISPR-Cas system can be performed relatively easily in protoplasts due to the
convenience of protoplast isolation and transfection in different plants (Lin et al., 2018). For
instance, validation of Cas codon-optimization or modification, SQRNA, identification of the best
promoter and analysis of different vector designs can be performed in protoplasts through transient
expression (Yue et al., 2021; Biswas et al. 2022). Therefore, protoplasts present the ideal platform
for the determination of prime editing vector efficiency in a relatively short period of time. In this
study, we successfully isolated and transformed protoplasts with our developed prime editing

vector in both rice and peanut.

Despite the economic importance, gene editing technologies have not yet been used widely in
peanut. In vivo assays and protoplast transformation can be used as a tool to express prime editing
cascade transiently as well as to evaluate the prime editing efficacy. In this study, we obtained
only 0.2% editing efficiency with dual PEG RNA containing prime editing where all the genes
(mutant GFP, nCAS9_M-MLYV and PEG RNA) were expressed by the CmYLCV promoter, but
we did not get any GFP expressed plasmid after transformation with other prime editing vectors,
although the positive control (CmYLCV_GFP transformed protoplast) reached up to 7%
transformation efficiency. But for rice, we found 16% editing efficiency with both dual pegRNA

containing prime editing vectors, although 60% transformation efficiency was reached with the
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positive control (CmYLCV_GFP transformed protoplast). These results showed that promoter
activity plays a significant role in the prime editing vector efficiency. In this study, we used three
different types of promoters: CAMV 35S, CmYLCV and OsUG6. All three promoters worked better
in rice protoplasts, but only CmYLCV gave up to 7% transformation efficiency in peanut. Other
parameters that are crucial for prime editing success are SgRNA position for nCAS9 and R.T.
(reverse transcriptase) and PBS (primer binding site) length (Lin et al., 2021). Further
optimizations will be required, such as using appropriate promoters and modifying those

parameters to improve the editing efficiency.
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5. CONCLUSION

The use of CRISPR-Cas systems makes genome editing a powerful tool for precise crop
improvement via gene knockout, knock-in, replacement, point mutations, specific gene regulation,

and other modifications at any gene locus in almost any crop.

In summary, the resistant starch project showed the feasibility of using multiplex CRISPR-Cas9
genome editing to simultaneously target multiple SBE genes and efficiently developed transgene-
free high amylose and higher resistant starch-containing rice plants. The results of our study will
potentially contribute to providing a better diet option to rice consumers and help reduce the
prevalence of diet-related diseases. Although it has been known that SBE3 gene plays a crucial
role in starch biosynthesis, further investigation is needed to better understand the contribution of
the rest of SBE genes, especially in combination with other SBE gene modifications. Future studies
can explore this further once additional lines with different combinations of SBE gene edits
become available. These lines would also help further differentiate the relationship between high
amylose and high resistant starch content in rice grains. As extremely high amylose content is
undesirable for cooked rice texture and quality, it will be important to explore combinations of
gene-edited alleles that lead to high resistant starch while keeping the amylose content in a
desirable range for cooked rice quality. Alternatively, rice with very high amylose content and

resistant starch could be used for further processed rice products, such as rice flour.

An efficient gene editing platform in peanut needs to be established not only to assist in basic
research in trying to understand gene functions and molecular pathways, but also to help accelerate

breeding programs in developing peanut with improved yield and quality and tolerance to various
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abiotic and biotic stresses. Our study describes the success in developing an efficient protoplast
isolation protocol in peanut as a testbed for optimizing genome editing using the CRISPR-Cas9
system with the allergen gene Ara h 2 as a test case. This strategy provides an efficient pipeline to
develop gene editing constructs for various genes or peanut transformation. Once optimized, stable
transformants can be developed using Agrobacterium-mediated transformation or alternative
delivery systems. Additionally, further optimization of the CRISPR-Cas9 system in peanut can be
explored using other editing techniques, including allele replacement, to widen the target traits and

speed up the breeding progress.

In our prime editing project, we successfully developed vectors for prime editing through Golden
Gate assembly and demonstrated their efficacy in monocot and dicot protoplasts. We found higher
editing efficiency (16%) in rice, although we obtained a lower percentage of edits in peanut.
However, efficiencies are likely to be higher in stably transformed plants. Further optimization
will be required, including using appropriate promoters and modifying with R.T. template and
PBS length. It is possible to make prime editing a useful biotechnological tool for precise genome

editing in plant research and breeding through further refinement.
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APPENDIX

Appendix Table 1

Primer Sequence (5'-37)
CAS9_F AGAAGATACACCAGACGGAAGAAC
CAS9_R GGCTTGATGAACTTGTAGAACTCTT
tRNA_gRNA_F AACTGTAGGAGAAAAGCATTTCGTAG
tRNA_gRNA_R AGCTCTAAAACTCAGTCACATTTTCC
Ubiquitin_F CCTTCGGAGACACCTTTTGA
Ubiquitin_R TTGAAATGCACATTCGGGTG
SBEl1 F CAGCACTTTGGCTTTGTTTTC
SBE1 R GATTCGGAACAAGAACATGGA
SBE2_F ATAAAGCCGTAGGCCCACTAA
SBE2 R CAGCCTGATTCTGGTGCTAAG
SBE3_F AGGGTTTAGGTGGAAGCAGAG
SBE3 R AATCCTACGCATATGGTGTGC
SBE4 F CTGTTGGGCTACTGAAAACCA
SBE4 R AATCACGTACCTGTGCTCCAG
SBE1 NGS F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGACATCCGCCGCAATGCTGTGT
SBE1 NGS R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATCTTACCTTTCCAGGCCACGACC
SBE2_NGS _F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTCTCCAACAATGGATTCTTGCGCTC
SBE2_NGS R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAGATGCCGTGCTTGGCGAGGAA
SBE3_NGS _F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTTTAGGTGGAAGCAGAGCGCG
SBE3_NGS R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCGGCGGACGAGAACAACAAGGT
SBE4 _NGS_F TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCATCTATGTTCTGTGTAGATACCTGATGA
SBE4 _NGS_R GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGAATCCTTCCAGCATTGGGTCAATTT
HPT_F CTATTTCTTTGCCCTCGGACGA
HPT_R GGACCGATGGCTGTGTAGAAG
HPT_probe CGCCGATAGTGGAAACCGACGCCC
OsPLD_F TGGTGAGCGTTTTGCAGTCT
OsPLD_R CTGATCCACTAGCAGGAGGTCC

OsPLD_probe

TGTTGTGCTGCCAATGTGGCCTG
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Appendix Figure 1. Transgenic plants maintenance and transgene detection in transformed plants. A)
Cultivation of transformants in hydroponic and soil, B) Schematic diagram of T-DNA border of
pRGEB32_tRNA_ SBE_gRNAs, C) Confirmation of transgene presence in putative transformed rice plants
with CAS9 and tRNA-gRNA overlapping primers. M = 1kb* ladder, -Ve = H,O control, WT= wild type

control, P1-P8= transformed plants and +Ve = plasmid control.
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Appendix Figure 3: Change in the coding sequence at A) SBE1, B) SBE2, C) SBE3, and D) SBE4 due to

deletions in the sgRNA regions (mutations identified in the P4-2 line at the T, generation; note: not all

mutations are fixed homozygous yet). The red squares indicate the premature stop codon position in the

coding region of four SBE genes.

Appendix Table 2A. CRISPR-Cas9 induced mutations in the transformed plants at To generation

for SBE1.
Plant Allele Sequence Percentage Deletion/insertion/ | Mutant
no of mutation | Substitution Zygosity
WT Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACCGAGCCCGGGAATCGCGGTCAG
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACCGAGCCCGGGAATCGCGGTCAG
P1 Allele 1 CCGCTCCTT: CCCGGGAATCGCGGTCAG 60% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 39% 3 bp deletion
P2 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 45% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 31% 3 bp deletion
P3 Allele 1 CCGCTCCTT: CCCGGGAATCGCGGTCAG 47% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 31% 3 bp deletion
P4 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 42% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 42% 3 bp deletion
P5 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACCGAGCCCGGGAATCGCGGTCAG 55% No edit
Allele 2 CCGCTCCTT: CCCGGGAATCGCGGTCAG 8% 23 bp deletion Monoallelic
P6 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACCGAGCCCGGGAATCGCGGTCAG 32% No edit
Allele 2 CCGCTCCTTCCCTCTCTCGCT GTCAG 46% 24 bp deletion Monoallelic
P7 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGAC-------- CCCGGGAATCGCGGTCAG 61% 4 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACCGAGCTCCTCTTCCTCTTCCTCCTCCCCCGGGAATCGCGGTCAG 39% 22 bp insertion
P8 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGAC-------- CCCGGGAATCGCGGTCAG 48% 4 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACCGAGCTCCTCTTCCTCTTCCTCCTCCCCCGGGAATCGCGGTCAG 31% 22 bp insertion
*Green fonts, dashes, and blue fonts represent gRNA region, deletion, and insertion, respectively
Appendix Table 2B. CRISPR-Cas9 induced mutations in the transformed plants at To
generation for SBE2.
Plant Allele Sequence Percentage | Deletion/insertion/ Mutant
no of mutation | Substitution Zygosity
WT Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT
Allele 2 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT
P1 Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 27% No edit
Allele 2 CTCAGGCCTCCGCCGCCGGGA...GGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% 1 bp deletion Chimeric
Allele 3 CTCAGGCCTCCGCCGCCGGGC...GGTTGCCCCTGCAGCTGCGCCTCCTCCT 4% 1 bp deletion and 1bp
substitution
Allele 4 | CTCAGGCCTCCGCCGCCGGGA.....GTTGCCCCTGCAGCTGCGCCTCCTCCT 4% 2 bp deletion
Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 57% G to A substitution
P2 Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 25% 1 bp deletion Chimeric
Allele 3 CTCAGGCCTCCGCCGCCGGGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 8% AG to CA substitution
Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 48% 3 bp deletion Chimeric
P3 Allele 2 CTCAGGCCTCCGCCGCCGGGC------ TTGCCCCTGCAGCTGCGCCTCCTCCT 4% 3 bp deletion and 1bp
substitution
Allele 3 | CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 34% 1 bp deletion and 5 bp insertion
Allele 4 | CTCAGGCCTCCGCCGCCGGGC-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 0.2% 1 bp deletion and substitution,
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5 bp insertion
P4 Allele 1 | CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 45% No edit Monoallel
Allele 2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 25% 1 bp deletion ic
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 22% No edit
P5 Allele 2 | CTCAG GCCTCCTCCT 57% 35 bp deletion Chimeric
Allele 3 | CTCAGGCCTCCGCCGCCGGGCGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 2% G to C substitution
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 46% No edit
P6 Allele 2 | CTCAG GCCTCCTCCT 33% 35 bp deletion Chimeric
Allele 3 CTCAGGCCTCCGCCGCCGGGCGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 3% G to C substitution
P7 Allele1 | CTCAGGCCTCC GCCCCTGCAGCTGCGCCTCCTCCT 42% 15 bp deletion Biallelic
Allele 2 | CTCAGGCCTCC---mmnmmommmemememenen GGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% 11 bp deletion
P8 Allele 1 CTCAGGCCTCC GCCCCTGCAGCTGCGCCTCCTCCT 43% 15 bp deletion Biallelic
Allele 2 | CTCAGGCCTCC--mm-mmrmmmrmmmenae GGTTGCCCCTGCAGCTGCGCCTCCTCCT 42% 11 bp deletion
*Green fonts, dashes, red fonts and blue fonts represent gRNA region, deletion, substitution and
insertion, respectively
Appendix Table 2C. CRISPR-Cas9 induced mutations in the transformed plants at To
generation for SBE3.
Plant Allele Sequence Percentage | Deletion/insertion/ | Mutant
no of Substitution Zygosity
mutation
WT Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG
Allele 2 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG
P1 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 45% No edited Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 41% 1 bp deletion
P2 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 7% No edited Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 31% 1 bp deletion
P3 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 42% No edited Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 38% 1 bp deletion
P4 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 54% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG
P5 Allele 1 TACGGGCGGGGGCCGTGCG--TTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 21% 1 bp deletion Biallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 51% 1 bp deletion
P6 Allele 1 TACGGGCGGGGGCCGTGCG--TTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 39% 1 bp deletion Biallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 17% 1 bp deletion
P7 Allele 1 TACGGGCGGGGGCCGTGCG--TTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 54% 1 bp deletion Biallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 14% 1 bp deletion
P8 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG No edit
Allele 2 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG
*Green fonts and dashes represent gRNA region and deletion, respectively
Appendix Table 2D. CRISPR-Cas9 induced mutations in the transformed plants at To
generation for SBEA4.
Plant | Allele Sequence Percentage Deletion/insertion/ Mutant
no of mutation | Substitution Zygosity
WT Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGACTGAGGGTGTGATCAAAGA
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGACTGAGGGTGTGATCAAAGA
P1 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 46% C to G substitution Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion
P2 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 48% C to G substitution Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion
P3 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 48% C to G substitution Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion
P4 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 45% C to G substitution Biallelic

88




Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 47% 1 bp deletion
P5 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 46% 1 bp deletion Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGATTGAGGGTGTGATCAAAGA 39% C to T substitution
P6 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGACTGAGGGTGTGATCAAAGA No edit
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGACTGAGGGTGTGATCAAAGA
P7 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATG------- TGAGGGTGTGATCAAAGA 43% 4 bp deletion Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATG-----GTGAGGGTGTGATCAAAGA 38% 4 bp deletion and C
to G substitution
P8 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATG------- TGAGGGTGTGATCAAAGA 42% 4 bp deletion Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATG----- GTGAGGGTGTGATCAAAGA 40% 4 bp deletion and C
to G substitution

*Green fonts, dashes, and red fonts represent gRNA region, deletion, and substitution, respectively

Appendix Table 3A. CRISPR-Cas9 induced mutations in the transformed plants at T1 generation

of P1 for SBEL.

Plant | Allele Sequence Percentage Deletion/insertion/ | Mutant

no of mutation | Substitution Zygosity

P1 Allele1 | CCGCTCCTT. CCCGGGAATCGCGGTCAG 60% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 39% 3 bp deletion

P1-1 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 88% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 3 bp deletion

P1-2 | Allelel | CCGCTCCTT. CCCGGGAATCGCGGTCAG 88% 23 bp deletion Biallelic
Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 1.3% 3 bp deletion

P1-3 | Allelel | CCGCTCCTT CCCGGGAATCGCGGTCAG 53% 23 bp deletion Biallelic
Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 34% 3 bp deletion

P1-4 | Allelel | CCGCTCCTT CCCGGGAATCGCGGTCAG 88% 23 bp deletion Biallelic
Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 0.08% 3 bp deletion

P1-5 | Allelel | CCGCTCCTT CCCGGGAATCGCGGTCAG 85% 23 bp deletion Biallelic
Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 1.1% 3 bp deletion

P1-6 | Allelel | CCGCTCCTT CCCGGGAATCGCGGTCAG 49% 23 bp deletion Biallelic
Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 36% 3 bp deletion

P1-7 | Allelel | CCGCTCCTT CCCGGGAATCGCGGTCAG 0.3% 23 bp deletion Biallelic
Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 89% 3 bp deletion

P1-8 | Allelel | CCGCTCCTT CCCGGGAATCGCGGTCAG 54% 23 bp deletion Biallelic
Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 33% 3 bp deletion

P1-9 | Allelel | CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 82% 3 bp deletion Homozygous
Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P1- Allele1 | CCGCTCCTT CCCGGGAATCGCGGTCAG 47% 23 bp deletion Biallelic

10 Allele 2 | CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 36% 3 bp deletion
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Appendix Table 3B. CRISPR-Cas9 induced mutations in the transformed plants at T

generation of P1 for SBE2.
Plant | Allele Sequence Percentage Deletion/insertion/ | Mutant
no of mutation Substitution Zygosity
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 27% No edit
P1 Allele 2 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% 1 bp deletion Chimeric
Allele 3 CTCAGGCCTCCGCCGCCGGGC--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 4% 1 bp deletion and
1 bp substitution
Allele 4 CTCAGGCCTCCGCCGCCGGGA----GTTGCCCCTGCAGCTGCGCCTCCTCCT 4% 2 bp deletion
P1-1 Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 33% No edit Chimeric
Allele 2 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 44% 1 bp deletion
Allele 3 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 1.7% 3bp deletion
P1-2 | Allele1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% No edit Monoallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 42% 1 bp deletion
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 29% No edit Chimeric
Allele 2 CTCAGGCCTCCGCCGCCGGGATGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1.1% 1 bp insertion
P1-3 | Allele 3 CTCAGGCCTCCGCCGCCGGGTTGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1.3% 1 bp insertion and
1bp substitution
Allele 4 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 44% 1 bp deletion
Allele 5 CTCAGGCCTCCGCCGCCGGGA----GTTGCCCCTGCAGCTGCGCCTCCTCCT 2.7% 2 bp deletion
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 29% No edit Chimeric
P1-4 | Allele2 CTCAGGCCTCCGCCGCCGGGATGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 16% 1 bp insertion
Allele 3 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 44% 1 bp deletion
Allele 4 CTCAGGCCTCCGCCGCCGGGA----GTTGCCCCTGCAGCTGCGCCTCCTCCT 1.3 2 bp deletion
No edit
P1-5 Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT
Allele 2 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT WT
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 27% No edit
P1-6 | Allele2 CTCAGGCCTCCGCCGCCGGGAAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 2% 1 bp insertion
Allele 3 CTCAGGCCTCCGCCGCCGGGAGGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1.2% 1 bp insertion Chimeric
Allele 4 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 50% 1 bp deletion
Allele 5 CTCAGGCCTCCGCCGCCGGGA----GTTGCCCCTGCAGCTGCGCCTCCTCCT 0.6% 2 bp deletion
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 24% No edit
Allele 2 CTCAGGCCTCCGCCGCCGGGAAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 0.9% 1 bp insertion
P1-7 Allele 3 CTCAGGCCTCCGCCGCCGGGATGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1.5% 1 bp insertion Chimeric
Allele 4 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 54% 1 bp deletion
Allele 5 CTCAGGCCTCCGCCGCCGGGA----GTTGCCCCTGCAGCTGCGCCTCCTCCT 2% 2 bp deletion
P1-8 Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT No edit WT
Allele 2 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT
P1-9 Allele 1 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 80% 1 bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT
P1- Allele 1 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 49% 1 bp deletion Homozygous
10 Allele 2 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT
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Appendix Table 3C. CRISPR-Cas9 induced mutations in the transformed plants at T1 generation

of P1 for SBE3.

Plant Allele Sequence Percentage Deletion/insertion/ | Mutant

no of mutation | Substitution Zygosity

P1 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 1 bp deletion

P1-1 Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 37% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 47% 1 bp deletion

P1-2 Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 32% No edit Monoallelic
Allele2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 44% 1 bp deletion
Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 69% No edit

P1-3 Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 5% 1 bp deletion Chimeric
Allele 3 | TACGGGCGGGGGCC 04% 27 bp deletion
Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 75% No edit

P1-4 Allele2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 2.8% 1 bp deletion Chimeric
Allele3 | TACGGGCGGGGGCC 0.4% 22 bp deletion

P1-5 Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 40% No edit Monoallelic
Allele2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 42% 1 bp deletion

P1-6 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 42% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 36% 1 bp deletion
Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 33% No edit

P1-7 Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 46% 1 bp deletion Chimeric
Allele 3 | TACGGGCGGGGGC 0.3% 48 bp deletion
Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 41% No edit

P1-8 Allele2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 41% 1 bp deletion Chimeric
Allele 3 | TACGGGCGGGGGCC 3.7% 27 bp deletion
Allele 4 | TACGGGCGGGGGC 2.4% 48 bp deletion
Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 39% No edit Monoallelic

P1-9 Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 42% 1 bp deletion
Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 0.3% No edit Monoallelic

P1-10 | Allele2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 80% 1 bp deletion
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Appendix Table 3D. CRISPR-Cas9 induced mutations in the transformed plants at T
generation in P1 for SBE4.

Plant | Allele Sequence Percentage Deletion/insertion/ Mutant

no of mutation Substitution Zygosity

P1 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 46% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion

P1-1 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 88% 1 bp deletion Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA

P1-2 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 46% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion

P1-3 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 89% 1 bp deletion Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA

P1-4 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 42% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion

P1-5 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 88% 1 bp deletion Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA

P1-6 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 42% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 46% 1 bp deletion

P1-7 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 88% 1 bp deletion Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA

P1-8 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 47% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 41% 1 bp deletion

P1-9 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 78% C to G substitution Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P1-10 | Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 39% 1 bp deletion Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 40% C to G substitution

92




Appendix Table 3E. CRISPR-Cas9 induced mutations in the transformed plants at T1

generation of P2 for SBEL.

Plant Allele Sequence Percentage | Deletion/insertion/ | Mutant

no of mutation | Substitution Zygosity

P2 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P2-1 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 87% 23 bp deletion Homozygous
Allele 2 CCGCTCCTT CCCGGGAATCGCGGTCAG

P2-2 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 59% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 29% 3 bp deletion

P2-3 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 74% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 13% 3 bp deletion

P2-4 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 51% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 36% 3 bp deletion

P2-5 Allele 1 CCGCTCCTT: CCCGGGAATCGCGGTCAG 51% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 36% 3 bp deletion

P2-6 Allele 1 CCGCTCCTT: CCCGGGAATCGCGGTCAG 0.4% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 87% 3 bp deletion

P2-7 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 84% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P2-8 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 51% 23 bp deletion Biallelic
Allele 2 CCGCTCCTT: CCCGGGAATCGCGGTCAG 32% 3 bp deletion

P2-9 Allele 1 CCGCTCCTT: CCCGGGAATCGCGGTCAG 86% 23 bp deletion Homozygous
Allele 2 CCGCTCCTT: CCCGGGAATCGCGGTCAG

P2-10 | Allele 1 CCGCTCCTT: CCCGGGAATCGCGGTCAG 94% 3 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 0.4% 23 bp deletion

P2-11 | Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 86% 23 bp deletion Homozygous
Allele 2 CCGCTCCTT CCCGGGAATCGCGGTCAG

P2-12 | Allele1 CCGCTCCTT CCCGGGAATCGCGGTCAG 0.7% 3 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 85% 23 bp deletion

P2-13 | Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 83% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P2-14 | Allele 1 CCGCTCCTT: CCCGGGAATCGCGGTCAG 82% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 0.6% 3 bp deletion

P2-15 | Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 46% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 46% 3 bp deletion
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Appendix Table 3F. CRISPR-Cas9 induced mutations in the transformed plants at T1 generation

of P2 for SBE2.

Plant Allele Sequence Percentage Deletion/insertion/ Mutant

no of mutation | Substitution Zygosity

P2 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT G to A substitution Chimeric
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 1 bp deletion
Allele 3 CTCAGGCCTCCGCCGCCGGGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT AG to CA substitution

P2-1 Allele 1 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 93% 1bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT

P2-2 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 43% G to A substitution Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 1 bp deletion

P2-3 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 44% G to A substitution Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% 1 bp deletion

P2-4 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 85% G to A substitution Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT

P2-5 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 83% G to A substitution Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT

P2-6 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 83% G to A substitution Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT

P2-7 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% G to A substitution Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 43% 1 bp deletion

P2-8 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% G to A substitution Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 40% 1 bp deletion

P2-9 Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 79% G to A substitution Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 0.4% 1 bp deletion

P2-10 | Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% G to A substitution Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 43% 1 bp deletion

P2-11 | Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 38% G to A substitution Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 40% 1 bp deletion

P2-12 | Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 40% G to A substitution Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 42% 1 bp deletion

P2-13 | Allele 1 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 83% G to A substitution Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGAAGGTTGCCCCTGCAGCTGCGCCTCCTCCT

P2-14 | Allele 1 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 80% 1 bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT

P2-15 | Allele 1 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT 81% 1 bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA—GGTTGCCCCTGCAGCTGCGCCTCCTCCT
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Appendix Table 3G. CRISPR-Cas9 induced mutations in the transformed plants at T
generation of P2 for SBES3.

Plant Allele Sequence Percentage Deletion/insertion/ Mutant

no of mutation Substitution Zygosity

P2 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 1 bp deletion

P2-1 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 42% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 41% 1 bp deletion

P2-2 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 74% No edit Chimeric
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 2% 1 bp deletion
Allele 3 TACGGGCGGGGGCCGTGCGGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG | 1% 1 bp insertion

P2-3 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 57% No edit Chimeric
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 3% 1 bp deletion
Allele 3 TACGGGCGGGGGCC 1% 27 bp deletion
Allele 4 TACGGGCGGGG 1% 33 bp deletion

P2-4 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGLCTGG 94% No edit WT
Allele 2 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P2-5 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 94% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P2-6 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 13% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 47% 1 bp deletion

P2-7 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 74% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 5% 1 bp deletion

P2-8 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 84% 1 bp deletion
Allele 2 TACGGGCGGGGGCCGTGC--ATTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 4% 1 bp deletion and 1

bp substitution Chimeric
Allele 3 TACGGGCGGGGGCCGTGT--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 3% 1 bp deletion and 1
bp substitution

P2-9 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 36% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 45% 1 bp deletion

P2-10 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 3% No edit
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 17% 1 bp deletion Chimeric
Allele 3 39% 63 bp deletion
Allele 4 TACGGGCGGGGG 4% 48 bp deletion

P2-11 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 45% No edit
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 30% 1 bp deletion Chimeric
Allele 3 TACGGGCGGGGGCC 0.4% 27 bp deletion

P2-12 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 69% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 8% 1 bp deletion

P2-13 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 70% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 4% 1 bp deletion

P2-14 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 33% No edit
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 43% 1 bp deletion Chimeric
Allele 3 TACGGGCGGGGGCC 1% 27 bp deletion

P2-15 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG No edit WT
Allele 2 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG
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Appendix Table 3H. CRISPR-Cas9 induced mutations in the transformed plants at T
generation of P2 for SBEA4.

Plant Allele Sequence Percentage | Deletion/insertion/ Mutant

no of mutation | Substitution Zygosity

P2 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 48% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 45% 1 bp deletion

P2-1 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 0.2% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 84% 1 bp deletion

P2-2 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 85% C to G substitution Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P2-3 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 85% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGGGTGAGGGTGTGATCAAAGA | 0.3% AC to CG substitution

P2-4 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 47% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 42% 1 bp deletion

P2-5 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 53% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 41% 1 bp deletion

P2-6 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 43% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 44% 1 bp deletion

P2-7 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 52% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 33% 1 bp deletion

P2-8 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 84% C to G substitution Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P2-9 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 40% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 40% 1 bp deletion

P2-10 | Allele1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 42% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 45% 1 bp deletion

P2-11 | Allele1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 42% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 45% 1 bp deletion

P2-12 | Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 42% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 47% 1 bp deletion

P2-13 | Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 40% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 43% 1 bp deletion

P2-14 | Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 37% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA | 39% 1 bp deletion

P2-15 | Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA | 80% C to G substitution Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA
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Appendix Table 3. CRISPR-Cas9 induced mutations in the transformed plants at T1 generation

of P3 for SBE1.

Plant Allele Sequence Percentage | Deletion/insertion/ | Mutant

no of mutation | Substitution Zygosity

P3 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 47% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 32% 3 bp deletion

P3-1 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 1% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC------- CCCGGGAATCGCGGTCAG 85% 3 bp deletion

P3-2 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 53% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 32% 3 bp deletion

P3-3 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 51% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 35% 3 bp deletion

P3-4 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 48% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 37% 3 bp deletion

P3-5 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 84% 23 bp deletion Homozygous
Allele 2 CCGCTCCTT CCCGGGAATCGCGGTCAG

P3-6 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 87% 23 bp deletion Homozygous
Allele 2 CCGCTCCTT CCCGGGAATCGCGGTCAG

P3-7 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 87% 23 bp deletion Homozygous
Allele 2 CCGCTCCTT CCCGGGAATCGCGGTCAG

P3-8 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 87% 23 bp deletion Homozygous
Allele 2 CCGCTCCTT CCCGGGAATCGCGGTCAG

P3-9 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC CCCGGGAATCGCGGTCAG 87% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC CCCGGGAATCGCGGTCAG

P3-10 | Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 50% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 35% 3 bp deletion

P3-11 | Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 55% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 31% 3 bp deletion

P3-12 | Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 53% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 28% 3 bp deletion

P3-13 | Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 84% 3 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG
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Appendix Table 3J. CRISPR-Cas9 induced mutations in the transformed plants at T1 generation

of P3 for SBE2.
Plant Allele Sequence Percentage Deletion/insertion/ Mutant
no of mutation | Substitution Zygosity
Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 48% 3 bp deletion
Allele 2 CTCAGGCCTCCGCCGCCGGGC------ TTGCCCCTGCAGCTGCGCCTCCTCCT 4% 3 bp deletion and 1bp
substitution
P3 Allele 3 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT | 34% 1 bp deletion and 5 bp Chimeric
insertion
Allele 4 CTCAGGCCTCCGCCGCCGGGC-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT | 0.2% 1 bp deletion and
substitution, 5 bp insertion
P3-1 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 80% 3 bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT
P3-2 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 44% 3 bp deletion Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 40% 1 bp deletion and 5 bp
insertion
P3-3 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 47% 3 bp deletion Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT | 35% 1 bp deletion and 5 bp
insertion
P3-5 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 45% 3 bp deletion Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% 1 bp deletion and 5 bp
insertion
P3-6 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 37% 3 bp deletion Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 35% 1 bp deletion and 5 bp
insertion
P3-7 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 84% 3 bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT
P3-8 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 45% 3 bp deletion Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 38% 1 bp deletion and 5 bp
insertion
P3-9 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 67% 3 bp deletion Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT 16% 1 bp deletion and 5 bp
insertion
P3-10 | Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 84% 3 bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT
P3-11 Allele 1 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT 84% 3 bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA------ TTGCCCCTGCAGCTGCGCCTCCTCCT
P3-12 | Allele 1 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT | 39% 1 bp deletion and 5 bp Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT insertion
P3-13 | Allele 1 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT | 81% 1 bp deletion and 5 bp Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGGA-TCGCAGGTTGCCCCTGCAGCTGCGCCTCCTCCT insertion
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Appendix Table 3K. CRISPR-Cas9 induced mutations in the transformed plants at T
generation of P3 for SBE3.

Plant Allele Sequence Percentage | Deletion/insertion/ | Mutant

no of mutation | Substitution Zygosity

P3 Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P3-1 Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG No edit WT
Allele 2 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P3-2 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG No edit WT
Allele 2 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P3-3 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 35% No edit
Allele 2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 6.8% 1 bp deletion Chimeric
Allele 3 TACGGGCGGGGGCCGTGCGGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG | 37% 1 bp insertion

P3-4 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 80% 1 bp deletion Homozygous
Allele 2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P3-5 Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 69% No edit Monoallelic
Allele 2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 5.4% 1 bp deletion

P3-6 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 78% No edit Monoallelic
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 3% 1 bp deletion

P3-7 Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 69% No edit Monoallelic
Allele 2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 5.8% 1 bp deletion

P3-8 Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG No edit WT
Allele 2 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P3-9 Allele1 | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 33% No edit
Allele 2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 4% 1 bp deletion Chimeric
Allele 3 | TACGGGCGGGGGCC 5% 28 bp deletion
Allele 4 | TACGGGCGGGGGCC 4% 29 bp deletion

P3-10 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 27% No edit
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 2% 1 bp deletion Chimeric
Allele 3 3% 59 bp deletion
Allele 4 | TACGGGCGGGGGCC 3% 28 bp deletion
Allele 5 | TACGGGCGGGGGCC 2% 29 bp deletion

P3-11 | Allelel | TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 35% No edit
Allele 2 | TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 3% 1 bp deletion Chimeric
Allele 3 | TACGGGCGGGGGCCGTGC----TTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 39% 2 bp deletion

P3-12 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG No edit WT
Allele 2 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P3-13 | Allele 1 TACGGGCGGGGGCCGTGCGGTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 73% No edit
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 1.5% 1 bp deletion Chimeric
Allele 3 | TACGGGCGGGGGCC 0.4% 27 bp deletion
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Appendix Table 3L. CRISPR-Cas9 induced mutations in the transformed plants at T
generation of P3 for SBEA4.

Plant Allele Sequence Percentage Deletion/insertion/ Mutant

no of mutation Substitution Zygosity

P3 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 48% C to G substitution Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion

P3-1 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 43% C to G substitution Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion

P3-2 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 88% C to G substitution Homozygous
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P3-3 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 84% C to G substitution Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P3-4 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 40% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 39% 1 bp deletion

P3-5 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 39% C to G substitution Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 49% 1 bp deletion

P3-6 Allele 1 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 42% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 42% 1 bp deletion

P3-7 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 41% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 43% 1 bp deletion

P3-8 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 0.3% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 83% 1 bp deletion

P3-9 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 42% C to G substitution Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 43% 1 bp deletion

P3-10 | Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 41% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 44% 1 bp deletion

P3-11 | Allele1 | GAAGTGATTCAAGACATTGAGGAAAATGTGACTGAGGGTGTGATCAAAGA No edit WT
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGACTGAGGGTGTGATCAAAGA

P3-12 | Allele1 | GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 37% C to G substitution Biallelic
Allele 2 | GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 40% 1 bp deletion

P3-13 | Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 38% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 40% 1 bp deletion

100




Appendix Table 3M. CRISPR-Cas9 induced mutations in the transformed plants at T
generation of P4 for SBEL.

Plant Allele Sequence Percentage Mutant
no of mutation | Deletion/insertion/ | Zygosity
Substitution

P4 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 42% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 42% 3 bp deletion

P4-1 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 85% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P4-2 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 2.5% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 84% 3 bp deletion

P4-3 Allele 1 CCGCTCCTT CCCGGGAATCGCGGTCAG 0.2% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 86% 3 bp deletion

P4-4 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 86% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P4-5 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 89% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P4-6 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 86% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P4-8 Allele 1 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 82% 3 bp deletion Homozygous
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG

P4-10 | Allele1 CCGCTCCTT CCCGGGAATCGCGGTCAG 50% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 30% 3 bp deletion

P4-11 | Allele 1 CCGCTCCTT: CCCGGGAATCGCGGTCAG 50% 23 bp deletion Biallelic
Allele 2 CCGCTCCTTCCCTCTCTCGCTGATCGACC-------CCCGGGAATCGCGGTCAG 34% 3 bp deletion
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Appendix Table 3N. CRISPR-Cas9 induced mutations in the transformed plants at T

generation of P4 for SBE2.

Plant Allele Sequence Percentage Deletion/insertion/ | Mutant

no of mutation | Substitution Zygosity

P4 Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 45% No edit Monoallelic
Allele 2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 25% 1 bp deletion

P4-1 | Allele1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 42% No edit Monoallelic
Allele 2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 43% 1 bp deletion

P4-2 | Allele1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 43% No edit Monoallelic
Allele 2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 42% 1 bp deletion
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 34% No edit
Allele 2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 42% 1 bp deletion Chimeric

P4-3 | Allele 3 CTCAGGCCTCCGCCGCCGGGA-—-GGTTGCCCCTGCAGCTGCGCCTCCTCCT 2.6% 1 bp deletion
Allele 4 CTCAGGCCTCCGCCGCCGGGATGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1.7% 1 bp insertion
Allele 5 CTCAGGCCTCCGCCGCCGGGAAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1.5% 1 bp insertion
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 56% No edit
Allele 2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 9.6% 1 bp deletion

P4-4 | Allele 3 CTCAGGCCTCCGCCGCCGGGA---GGTTGCCCCTGCAGCTGCGCCTCCTCCT 9% 1 bp deletion Chimeric
Allele 4 CTCAGGCCTCCGCCGCCGGGATGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 5.5% 1 bp insertion
Allele 5 CTCAGGCCTCCGCCGCCGGGAAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1.6% 1 bp insertion

P4-5 | Allele1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 44% No edit Monoallelic
Allele 2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 42% 1 bp deletion
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 33% No edit

P4-6 | Allele2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 46% 1 bp deletion
Allele 3 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 1.5% 1 bp deletion Chimeric
Allele 4 CTCAGGCCTCCGCCGCCGGGATGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 1% 1 bp insertion
Allele 5 CTCAGGCCTCCGCCGCCGGGAAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 0.4% 1 bp insertion
Allele 1 CTCAGGCCTCCGCCGCCGGGAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 35% No edit

P4-8 | Allele2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 41% 1 bp deletion
Allele 3 CTCAGGCCTCCGCCGCCGGGA--GGTTGCCCCTGCAGCTGCGCCTCCTCCT 2.3% 1 bp deletion Chimeric
Allele 4 CTCAGGCCTCCGCCGCCGGGATGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 3.7% 1 bp insertion
Allele 5 CTCAGGCCTCCGCCGCCGGGAAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 0.3% 1 bp insertion

P4-10 | Allele 1 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 76% 1 bp deletion Homozygous
Allele 2 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT

P4-11 | Allele 1 CTCAGGCCTCCGCCGCCGGG—GGGTTGCCCCTGCAGCTGCGCCTCCTCCT 24% 1 bp deletion Biallelic
Allele 2 CTCAGGCCTCCGCCGCCGGGAAGGGTTGCCCCTGCAGCTGCGCCTCCTCCT 59% 1 bp insertion
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Appendix Table 30. CRISPR-Cas9 induced mutations in the transformed plants at T

generation of P4 for SBE3.

Plant Allele Sequence Percentage Deletion/insertion/ | Mutant

no of mutation | Substitution Zygosity

P4 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 54% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-1 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 79% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-2 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 78% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-3 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 82% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-4 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 82% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-5 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 77% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-6 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 83% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-8 Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 83% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-10 | Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 79% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG

P4-11 | Allele 1 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG 81% 1 bp deletion Homozygous
Allele 2 TACGGGCGGGGGCCGTGC--GTTCCCCGTGCCAGCCGGGGCCCGGAGCTGG
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Appendix Table 3P. CRISPR-Cas9 induced mutations in the transformed plants at T1 generation

of P4 for SBEA4.

Plant Allele Sequence Percentage | Deletion/insertion/ | Mutant

no of mutation | Substitution Zygosity

P4 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 45% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 47% 1 bp deletion

P4-1 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 81% C to G substitution Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P4-2 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 44% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 45% 1 bp deletion

P4-3 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 85% C to G substitution | Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P4-4 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 83% C to G substitution | Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P4-5 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 87% C to G substitution Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P4-6 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 42% C to G substitution Biallelic
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGA--TGAGGGTGTGATCAAAGA 43% 1 bp deletion

P4-8 Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 84% C to G substitution | Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P4-10 | Allele1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 77% C to G substitution | Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA

P4-11 | Allele 1 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA 80% C to G substitution Homozygous
Allele 2 GAAGTGATTCAAGACATTGAGGAAAATGTGAGTGAGGGTGTGATCAAAGA
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Appendix Figure 4. Seed morphology of WT and SBE edited plants (T generation); A) Seed morphology
of WT and SBE mutants (T2 generation) B) seed length, C) Seed width D) Seed thickness of WT and edited
SBE plants. In all three seed parameters, the edited SBE plants showed significantly lower value compared
to WT. Values represent means + SE (n = 10). The different letters indicate significant differences at p <

0.05.
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Appendix Figure 5: Cloning of Polycistronic tRNA_gRNAs (PTG) of Ara h 2 gene into destination vector
(non-binary and binary); A) Schematic diagram of golden gate assemble assembly for making CRISPR-
CAS9 vector; B), C) and D) confirmation of positive clones by digestion with specific restriction enzymes.

“*” indicates the positive clones of respective vectors.
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Appendix Figure 6. GFP expression under 35S and CmYLCV promoter in peanut protoplast. Micrograph
of A) control protoplast (no GFP plasmid) B) protoplast with GFP expression under 35S; C) protoplast with
GFP expression under CmYLCV promoter D) The transformation efficiency (TE) of protoplasts
transformed with 35S: GFP and CmYLCV:GFP plasmid. The protoplasts TE was evaluated after
incubation in 50% PEG solution. Values represent means = SE (n = 7). The different letters indicate

significant differences at P < 0.05.
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Appendix Figure 7. Effect of PEG concentration, plasmid concentrations and PEG incubation time on
protoplast transfection; A) (i)-(vii) Micrographs of protoplasts expressing CmYLCV: GFP under GFP field
treated with 20%, 30%, 40%, 50%, 60%, 70% and 80% PEG concentrations respectively. The protoplasts
were treated with 250 pg of CmYLCV: GFP plasmid for 5 min. B) (i)-(ix) Micrographs of protoplasts
expressing CmYLCV: GFP under GFP field treated with O ug , 20 ug, 40 ug, 80 ug, 100 pg, 150 g, 200
Kg, 250 pg and 300 pg plasmid concentrations respectively. In this case, the condition was 50% PEG and
5 min PEG incubation time. C) (i)-(vi) Micrographs of protoplasts expressing CmYLCV: GFP under GFP
field treated with 5 min, 10 min, 20 min, 30 min, 40 min and 50 min PEG incubation time respectively.

Here, the protoplasts were incubated with 250 pg of CmYLCV: GFP plasmid and 50% PEG.
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Appendix Figure 8. Change in the coding sequence at Arah 2 gene due to deletion in two sgRNA region:
A) Coding sequence of Ara h 2A in WT and edited sample S1 and S2. B) Coding sequence of Arah 2B in

WT and edited sample S1 and S2.
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14 indicates where due to 3 bp deletion, coding sequence of arginine has been removed and 24 indicates

where due to 6 bp deletion, coding sequence of phenylalanine and lysin has been removed in Ara h 2A of

S2

Frameshift mutation (black block) occurred due to the mutation in the two gRNA region for S2 samples. 34

and 44 indicates the frameshift start site in Ara h 2A and Ara h 2B of S2 edited sample. However, premature

stop codons were generated in the coding sequence of both gene copies in edited sample S2. Red block

indicates the premature stop codon position in the coding region of Ara h 2A and Ara h 2B in S2.

Appendix Table 4

Primers used in this study.

Primer Sequence (5'-3")
Arah 2AF GAAGGTGCATTAAACATTGAACATGTG
Arah 2AR ATGATCTTTATTATTACCAAAACTAACATAA
Arah 2BF GAAGGTGCATTAAACATTGAACATCTC
Arah 2BR ATGATCTTTATTATTACCAAAACTAACATTA

Arah2A_NGS_1F

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCACCACACACTCTTCAATACACATTC

Arah2A_NGS_1R

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTCCTGACTAGGGCTGTACGGG

Arah2A_NGS_2F

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGATCCTCTCAGCACCAAGAGAGGT

Arah2A_NGS_2R

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGCAAGTCGCAACGCTGTGGTG

Arah2B_NGS_1F

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGTACCTCACATGCAAAATCCCTC

Arah2B_NGS_1IR

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGCCTAAGGTTCGCCCTCTCG

Arah2B_NGS_2F

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGAAGGTGCATGTGCGAGGCAT

Arah2B_NGS_2R

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGTAGCTTATATATAAGCTATTTTCTTT
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