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Editorial on the Research Topic
Applications of novel gene editing tools and approaches in plants

The integration of gene editing technologies, particularly CRISPR/Cas systems, into
plant biotechnology marks a groundbreaking advancement in the manipulation and
understanding of plant genomes (Knott and Doudna, 2018; Manghwar et al., 2019). In
this Research Topic, experts from nine groups have illustrated the rapid progress in the field,
showcasing how these novel tools are revolutionizing the way we enhance crop resilience,
yield, and quality traits through precise genetic modifications.

The discussion initiated by Ramesh et al. underscores the transformative potential of
CRISPR/Cas9 in palm breeding and addresses the critical needs for sustainability and
productivity in palm cultivation. Further expanding the scope of CRISPR/Cas9’s impact,
Yao et al.’s comprehensive review explores its applications in soybean molecular breeding.
The authors detail how gene editing is being utilized to confer resistance to abiotic stresses
and diseases, improve seed quality, and manipulate plant architecture for better yields. Vu
et al’s review delves into the utilization of CRISPR-Cas systems for enhancing plant
tolerance to stress. Focusing on the unfolded protein response (UPR) as a mechanism to
combat stress-induced damage (Liu et al., 2022), the review highlights how targeting specific
UPR-related genes can lead to the development of crops with improved stress tolerance. The
original research from Bhowmik et al. focuses on modifying the lipoxygenase (LOX) gene in
yellow peas using CRISPR/Cas9, aiming to enhance sensory qualities by reducing off-
flavors. This targeted genetic modification exemplifies the nuanced applications of gene
editing in improving the nutritional and sensory attributes of food crops, offering new
possibilities for food application without the need for post-harvest processing.

Optimizing Agrobacterium-mediated genetic transformation is crucial for CRISPR
genome editing in plants, as it significantly enhances the efficiency and reliability of gene
delivery, facilitating precise genetic alterations and advancing plant biotechnology (Chen
et al., 2022). Ma et al. presents a groundbreaking Agrobacterium rhizogenes-mediated
genetic transformation technology for citrus. This method streamlines the genetic
modification process, demonstrating its efficacy across various citrus genotypes and
enabling efficient study of genes previously challenging to analyze. While Yuan et al.
develops a highly efficient CRISPR/Cas9 system delivered by Agrobacterium for genome
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editing in wild tobacco (Nicotiana alata), overcoming the challenge
of lacking an efficient genetic transformation and genome editing
system in this species. This study not only advances genetic research
in tobacco, but also sets a precedent for applying genome editing
technologies to other species lacking efficient genetic transformation
and editing systems.

Transformation in soybean is challenging due to its complex
genetic structure and low efficiency in traditional methods, making
protoplast transfection crucial for enabling direct gene editing within
cells (Xu et al., 2022). The use of ribonucleoprotein (RNP) complexes
in this process offers a significant advantage by enhancing precision,
reducing off-target effects, and facilitating transient expression
without integrating foreign DNA into the genome. Subburaj and
Agapito-Tenfen develops a CRISPR/Cas9 RNP-based genome editing
method for soybean protoplasts using electro-transfection, enhancing
targeted mutagenesis in soybean by bypassing the need for PEG-
mediated transfection methods. This innovation represents a
significant leap in soybean genetic engineering, providing a more
precise and efficient approach to improving crop traits and
conducting functional genomics studies.

Optimizing and discovering promoters is pivotal for plant
transformation and gene editing as it directly influences gene
expression levels and specificity, thereby ensuring the effectiveness
and precision of genetic modifications in plants. Ye et al. identifies and
applies novel promoters from Chinese fir to enhance the efficiency of
CRISPR/Cas-mediated genome editing in plant protoplasts. This
strategy not only advances genetic engineering in forestry but also
showcases the potential for these promoters to facilitate genetic
improvements across a broader range of plant species.

Using CRISPR for pathogen detection is important because it
offers a highly specific, sensitive, and rapid method to identify
pathogens, significantly improving disease management and
prevention strategies in agriculture. Wang et al’s research
introduces a novel CRISPR/Casl2a-based visual nucleic acid
detection system for identifying plant viruses, such as sorghum
mosaic virus (STMV) and rice stripe mosaic virus (RSMV), in the
field. This rapid and sensitive method offers a practical tool for early
detection and management of viral infections, thereby mitigating
potential impacts on crop production.

Collectively, these articles underscore the profound impact of
CRISPR/Cas9 and related technologies on plant biotechnology.
From enhancing crop resilience and yield to innovating disease
diagnostics and genetic studies, gene editing tools are paving the way
for the development of next-generation crops with improved
performance and sustainability (Rodriguez-Leal et al., 2017; Gao,
2021). As these technologies continue to evolve, their application in
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addressing the complex challenges of modern agriculture holds great
promise for advancing global food security and environmental
sustainability.
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Highly efficient genetic transformation technology is greatly beneficial for crop
gene function analysis and precision breeding. However, the most commonly
used genetic transformation technology for woody plants, mediated by
Agrobacterium tumefaciens, is time-consuming and inefficient, which limits
its utility for gene function analysis. In this study, a simple, universal, and highly
efficient genetic transformation technology mediated by A. rhizogenes K599 is
described. This technology can be applied to multiple citrus genotypes, and
only 2-8 weeks were required for the entire workflow. Genome-editing
experiments were simultaneously conducted using 11 plasmids targeting
different genomic positions and all corresponding transformants with the
target knocked out were obtained, indicating that A. rhizogenes-mediated
genome editing was highly efficient. In addition, the technology is
advantageous for investigation of specific genes (such as ACD?2) for obtaining
"hard-to-get” transgenic root tissue. Furthermore, A. rhizogenes can be used
for direct viral vector inoculation on citrus bypassing the requirement for virion
enrichment in tobacco, which facilitates virus-induced gene silencing and
virus-mediated gene expression. In summary, we established a highly
efficient genetic transformation technology bypassing tissue culture in citrus
that can be used for genome editing, gene overexpression, and virus-mediated
gene function analysis. We anticipate that by reducing the cost, required
workload, experimental period, and other technical obstacles, this genetic
transformation technology will be a valuable tool for routine investigation of
endogenous and exogenous genes in citrus.

KEYWORDS

citrus, genetic transformation, genome editing, Agrobacterium rhizogenes, virus

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1039094/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1039094/full
https://www.frontiersin.org/articles/10.3389/fpls.2022.1039094/full
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2022.1039094&domain=pdf&date_stamp=2022-10-27
mailto:duansure@163.com
mailto:xs57@zafu.edu.cn
mailto:jhliu11@mail.yst.com.cn
https://doi.org/10.3389/fpls.2022.1039094
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2022.1039094
https://www.frontiersin.org/journals/plant-science

Ma et al.

Introduction

Citrus is among the most important fruit crops worldwide
and is grown in more than 114 countries (Talon and Gmitter,
2008). Global predicted citrus production exceeded 146 million
tons (FAOSTAT; https://www.fao.org/faostat/en). The citrus
industry currently requires new cultivars with desirable traits
to improve yields, nutritional value, and adaptability to biotic
and abiotic stresses. The application of genetic transformation to
improve citrus has increased in recent years (Pena, 2000;
Boscariol et al., 2006; Fagoaga et al., 2006; Febres et al., 2008;
Gambino and Gribaudo, 2012). Agrobacterium-mediated
transformation of epicotyl segments requires tissue culture,
which is widely employed to produce disease-resistant
materials in the laboratory, remains the quickest method for
improvement of citrus cultivars. To date, many important traits
have been successfully introduced into different citrus species
and hybrids, such as lime, sweet orange, and grapefruit
(Dominguez et al., 2002; Fu et al., 2011; Jia et al., 2017; Peng
et al., 2017; Jia et al.,, 2021). However, transformation mediated
by Agrobacterium tumefaciens has many disadvantages,
including that the procedure is time consuming, laborious,
expensive, and inefficient. The low frequency of rooting is an
additional limitation of A. tumefaciens-mediated transformation
of epicotyl segments of citrus (Gutierrez-E. et al., 1997). As a
result, micrografting is frequently used for maintenance of
transgenic plants (Poles et al., 2020). Therefore, a rapid and
highly efficient genetic transformation method bypassing the
need for tissue culture is critical for gene function analysis and
genetic improvement of citrus.

Agrobacterium species are widely used to generate transgenic
plants as the agrobacteria can integrate transfer DNA (T-DNA)
into a host plant’s nuclear DNA genome. Agrobacterium
tumefaciens transfers the tumor-inducing (Ti) plasmid into the
host nucleus to incorporate exogenous DNA into a host
chromosome and subsequently cause formation of a tumor at
the plant wound site. This mechanism has been utilized for A.
tumefaciens-mediated plant transformation of many plant
species to improve crop traits and for research on gene
function (Chetty et al., 2013; Kaur and Sah, 2014). In recent
decades, A. tumefaciens has been widely applied in citrus
breeding and gene functional research (Dominguez et al.,
20025 Stover et al, 2013; Hongge et al,, 2019). However, for
most plants, especially woody species, when using A.
tumefaciens, the generation of stable transformants requires
plant regeneration from a few cells or even a single cell using
exogenous phytohormones, and thus the process is time
consuming and laborious. In addition, Agrobacterium
rhizogenes has been successfully used in plant genetic
transformation technologies (Estrada-Navarrete et al., 2007).
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Agrobacterium rhizogenes can infect plants to induce
formation of hairy roots from wounded tissue owing to the
expression of rol genes encoded in the Ri plasmid. The T-DNA
cassette from the exogenous binary vector can be transferred and
integrated into the host cell genome together with T-DNA from
the Ri plasmid (White et al, 1985). Compared with A.
tumefaciens, A. rhizogenes-mediated hairy root genetic
transformation technology bypassing the requirement for
tissue culture and antibiotic screening is highly efficient and
has been widely used in many herbaceous plants for rhizosphere
physiology research and recombinant protein production (Tsuro
et al., 2005; Majumdar et al.,, 2011; Habibi et al., 2016;
Beigmohamadi et al., 2019). However, A. rhizogenes-mediated
genetic transformation in woody plants bypassing tissue culture
remains at an early stage of application (Irigoyen et al., 2020).

In this study, we describe a rapid and highly efficient root
genetic transformation and genome-editing protocol for citrus
using A. rhizogenes strain K599. This technique requires only 2-8
weeks for completion, bypasses tissue culture, and has applicability
for diverse citrus accessions. To date, no report is available on a
highly efficient endogenous gene-editing technology for citrus that
bypasses tissue culture. In addition, the proposed protocol can be
used for viral vector inoculation bypassing tobacco-mediated virion
enrichment, which can improve the efficiency of virus-mediated
analysis of citrus gene function. We anticipate that the protocol will
be a valuable tool for routine investigation of endogenous and
exogenous genes in citrus.

Materials and methods

Bacterial strains, plant material, and
growth conditions

The Escherichia coli (DH50)) competent cells (CAT#:
DL1002), A. rhizogenes (K599) competent cells (CAT#:
AC1080), and A. tumefaciens (EHA105) competent cells
(CAT#: ACI1012) were obtained from Shanghai Weidi
Biotechnology Co., Ltd. All transformed bacterial strains were
stored in 15% glycerol and preserved in a freezer at —80°
C. Escherichia coli cells were cultured in lysogeny broth
medium at 37°C. The K599 and EHA105 strains were
recovered and cultured at 28°C in tryptone yeast medium with
corresponding antibiotics.

Branches of Citrus medica, C. limon, C. sinensis, and
citrange ’Carrizo’ were obtained from the National Citrus
Engineering Research Center, Chongging, China. Plants with
transgenic hairy root were grown in a greenhouse at 26°C with a
16 h/8 h (light/dark) photoperiod. All citrus plants were cultured
in a net greenhouse under natural conditions.
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Agrobacterium-infiltrated citrus hairy
root transformation

Recombinant A. rhizogenes strains were cultured in fresh
yeast extract peptone medium with appropriate antibiotics at 28°
C. The resuspended A. rhizogenes K599 cells at the final
concentration (ODggy = 0.6) were diluted into the MES
solution (10 mM MgCl,, 10 mM MES [pH 5.6], and 200 uM
AS). Blade-removed citrus branches (approximately 2 months
old) were collected from the greenhouse. We cut the stems into
~10 cm sections using sterilized shears by keeping the smooth
surface of the cross-section.

The base of the stems sections was soaked in the A.
rhizogenes K599 suspension and vacuum infiltrated for
approximately 25 min using a standard vacuum. The stem
sections were cultured in a dome tray filled with vermiculite-
mixed soil in the greenhouse at 26°C with 90% relative humidity
and a 16 h/8 h (light/dark) photoperiod. Hairy root development
began after approximately 2-4 weeks (C. medica) or 4-8 weeks (C.
limon and citrange ‘Carrizo’) after agroinfiltrated transformation.
Potential transgenic roots were detected by the fluorescence signal
with a portable excitation lamp (Luyor-3415RG, Shanghai, China).
The fluorescence-positive hairy roots were incubated in liquid
modified Hoagland’s nutrient medium (Coolaber, Beijing, China)
in sterile tubes for observation of symptoms. Transgenic roots were
cultured at 26°C under a 16 h/8 h (light/dark) photoperiod. The
symptoms were captured with a digital camera (Canon EOS 200D,
Tokyo, Japan). Those shoots were further confirmed by PCR
analysis. The hairy root transformation efficiency was calculated
using the following formula: [(Number of GFP-containing roots)/
(Total number of roots)] x 100. The GFP fluorescence in transgenic
citrus roots was observed with a confocal microscope (LSM 780,
Carl Zeiss, Jena, Germany) with 488 nm excitation and 505-530 nm
emission wavelengths.

DNA and RNA extraction

Genomic DNA from roots was extracted using the
cetyltrimethylammonium bromide method (Richards et al,
1994). Total RNA from the root and callus was extracted
using the RNA Isolater Total RNA Extraction Reagent
(R401-01, Vazyme, Nanjing, China). Gel electrophoresis and a
NanoDrop spectrophotometer (NanoDrop Technologies, Inc.,
Wilmington, DE, USA) were used to assess RNA quantity and
quality. The cDNA was synthesized using the HiScript III 1st
Strand cDNA Synthesis Kit (+gDNA wiper) (R312-01, Vazyme).
RT-qPCR analysis was conducted using the AceQ Universal
SYBR qPCR Master Mix (Q511-02, Vazyme) and a real-time
PCR system (Q2000A, LongGene, Hangzhou, China). The
internal control gene used was actin and the corresponding
primers were listed in Table SI.
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Transcriptome analysis

The RNA-sequencing experiments were conducted using
three biological replicates of each sample. Sequencing libraries
were generated using the NEBNext Ultra II RNA Library Prep
Kit (New England Biolabs, Ipswich, MA, USA) and were
sequenced on an Illumina NovaSeq 6000 Sequencing System
in paired-end mode. The raw reads were processed with
Trimmomatic v. 0.36 (Bolger et al., 2014) to remove adaptor
sequences and low-quality reads. The cleaned reads were aligned
to the Citrus medica genome using HISAT2 v. 2.2.1 (Kim et al,,
2015). The number of reads mapped to each gene was counted
with htseq-count v. 1.99.2. Differential expression between the C.
medica wild type and C. medica agroinfiltrated explants was
analyzed using the ‘DESeq2’ R package (Love et al., 2014). Genes
with an adjusted p-value (p.q; < 0.05) and at least two-fold
change in expression were assigned as DEGs. To explore the
functions and pathways of the DEGs, GO terms and KEGG
pathway enrichment analyses were performed using the
‘ClusterProfiler’ R package (Wu et al., 2021) and were
visualized using the ‘ggplot2” R package. The selected KEGG
pathways associated with “plant hormone signal transduction”,
“amino acid biosynthesis”, “plant-pathogen interaction”, and
“MAPK signaling pathway” were visualized using the ‘Pathview’
R package (Weijun and Cory).

Sequencing analysis

All transgenic roots and the wild-type plants were subjected
to PCR (P111-01, Vazyme) using gene-specific primers (Table
S1) to amplify DNA insertions or fragments including the
target sites. The PCR amplicons were cloned into the pGEM®—
T Easy vector (Promega, Madison, WI, USA) for Sanger
sequencing. The sequence chromatograms were analyzed with
SnapGene software.

Visualization of GFP fluorescent signal

Transgenic roots were first confirmed with a hand-held
excitation lamp (Luyor-3415RG). For microscopic inspection,
roots were rinsed with ddH,O and photographed under
a Leica-M205FA stereomicroscope (Leica Microsystems,
Wetzlar, Germany). Two different autofluorescence emission
wavelength bands were used for detection: green (505-550
nm) and red (>560 nm), defined by optical filters. Transverse
sections of the transgenic roots were cut with a razor blade as
thinly as possible. The sections were mounted on a glass
microscope slide in ddH,O. The GFP signal was observed
under a Leica-SP8MP confocal fluorescence microscope (Leica
Microsystems). The fluorescence was observed under excitation
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at 488 nm and emission at 505-550 nm. Simultaneously, images
(1920 x 1024 pixels) were captured with a suitable scale bar.

B-Glucuronidase expression

The GUS (uidA) gene expression was detected using a GUS
gene quantitative detection kit (SL7161, Coolaber) following the
manufacturer’s instructions. Briefly, roots and hairy roots were
incubated in 0.1 M sodium phosphate buffer with GUS substrate
for 12 h at 37°C. The enzymatic reaction was stopped with 70%
ethanol. Tissues were observed with a light stereomicroscope
after GUS staining.

GRNA design

sgRNAs applied in this study were designed using the online
tools CRISPRP v2.0 (http://crispr.hzau.edu.cn/cgi-bin/
CRISPR2/CRISPR) based on their evaluation score (Rank from
high to low), GC content (40%-60%) and putative off-target sites
(Rank from low to high). target sequences with 20-bp were
designed for each gene in the first exon. The purpose of this
design will increase the possibility of affecting protein function
and the likelihood that at least one site would be edited.

Virus inoculation

Prepare the A. rhizogene strain K599 harboring
corresponding CLBV-based vector. Grow the corresponding A.
rhizogene strain in YEP medium till ODgg = 0.8. Spin down the
pellets and wash twice with infiltration medium (MES medium:
10 mM MES, 10 mM MgCl,, 200 pm acetosyringone). Re-
suspend the pellets using infiltration medium till ODggo = 0.5.
Place the infiltration medium at 25°C for 3 hours in dark
condition. Conduct vacuum agroinfiltration using citrus
explants and maintain explants in greenhouse at 25°C.
Observe the phenotypes after several months and confirm the
transcription of target genes by RT-qPCR. All the experiments
were conducted using at least three replicates.

Data availability statement

All datasets supporting the conclusions of this article are
included in the article and supplementary files. The
transcriptome project has been deposited at NCBI BioProject
under the accession PRINA800116 (https://www.ncbinlm.nih.
gov/bioproject/PRINA800116). All gene sequences, genome, gff3
file, and proteomes, gene ontology (GO), COG category, CAZy,
KEGG, PFAMs, NR, eggNOG annotation of C. medica for
bioinformatic analysis are available in the Zenodo repository
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at https://doi.org/10.5281/zenodo.5902607. The high-resolution
figures are available on the figshare repository: https://doi.org/
10.6084/m9.figshare.19060802.v1. The raw sequence data used
for transcriptome analysis are available in NCBI under the
Sequence Read Archive (SRA) with the SRA accession number
for C. medica GFP agroinfiltrated explants: SRR17731820,
SRR17731819, SRR17731818; C. medica wild-type:
SRR17731817, SRR17731816, SRR17731815.

Results

Explants survival of different citrus
genotypes in vermiculite

Agrobacterium rhizogenes integrates T-DNA from the Ri
plasmid into the host plant genome when sensing signal
substances, such as acetosyringone (AS), so as to induce
formation of hairy roots and to synthesize substances needed
for growth of the bacteria (Figure S1). To achieve genetic
transformation bypassing tissue culture, the percentage explant
survival of 22 citrus genotypes in vermiculite was first analyzed,
ranging from 0% to 95% at 45 days post-incubation (Table 52).
The four citrus genotypes with the highest percentage survival
(>80%) were Citrus medica, C. limon, C. grandis ‘Shatianyou’,
and C. hystrix. (Figure 1A). Most branches of these four
genotypes eventually produced roots for more than 10
genotypes, the percentage survival was less than 40% within
45 days and most of the branches failed to produce
roots (Figure 1B).

K599-mediated genetic transformation
of citrus bypassing tissue culture

Based on the percentage survival, we selected C. medica, C.
limon, and citrange ‘Carrizo’ for assessment of the efficiency of
genetic transformation of citrus branches mediated by A.
rhizogenes K599 harboring a binary plasmid (1380-Cas9-HA)
overexpressing GFP (Figure 52; Table S3). Briefly, the genetic
transformation protocol comprised three steps: K599 and
explant preparation, vacuum infiltration, and explant
incubation in vermiculite (Figure 2A; Table S4). The
fluorescent transgenic hairy roots began to develop 2 weeks
(C. medica) or 4 weeks (C. limon and citrange ‘Carrizo’) post-
incubation in vermiculite (Figure S3). The length and number of
fluorescent hairy roots increased significantly after 4 months
(Figure 2B). Non-transgenic hairy roots lacking GFP signal also
emerged, but these roots had no impact on subsequent research
as they were easily distinguishable based on GFP fluorescence
and were readily removed. Confocal microscopic examination
confirmed that GFP fluorescence was universally distributed in
transgenic hairy roots but was not observed in non-transgenic
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Comparative analysis of percentage explant survival of citrus accessions in vermiculite. (A) Citrus explants were incubated in vermiculite [28°C,
16 h/8 h (light/dark), and 90% relative humidity] after vacuum infiltration. Statistical analysis was performed on the survival data for explants at
15, 30 and 45 days post-infiltration (dpi), respectively. (B) Statistical analysis of explant survival.

hairy roots (Figure 2C). Subsequently, genetic transformation in
citrange ‘Carrizo’ was performed using a different binary
plasmid carrying a gene encoding protein B-glucuronidase
(GUS) (Table S3). Staining of GUS revealed that dark blue-
stained transgenic hairy roots were induced by K599 harboring
the corresponding plasmid, whereas no GUS staining was
detected in the control (Figure 2D). The transformation rate of
corresponding plasmids or citrus species was listed in Table S5.
Compared with A. tumefaciens-mediated citrus genetic
transformation, which usually takes 3-6 months with a low
success rate, the K599-mediated genetic transformation method
was time-saving and cost-effective.

K599-mediated genetic transformation
and genome editing is highly efficient

To verify the efficiency of K599-mediated genetic
transformation and genome editing, transformation was
performed using 18 transformed K599 strains, each containing
a different plasmid. All 18 plasmids carried the GFP and Neo
encoding genes, and 11 contained genome-editing elements
targeting different loci in the citrus genome (Figure 3A; Figure
S4; Tables S3 and S6). Branches of C. medica were vacuum
infiltrated using these transformed K599 strains. After one
month, transgenic hairy roots corresponding to these 18
plasmids were obtained. Owing to the presence of the GFP
selection marker, non-transgenic hairy roots were easily detected
and removed, and thus C. medica with only transgenic hairy
roots was obtained (Figure 3B). The GFP and Neo genes were
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both amplified from genomic DNA isolated from the transgenic
hairy roots (Figure S5). Sequencing revealed that the gRNA
target in the corresponding transgenic hairy roots had been
successfully edited (Figure 3C). The missing nucleotides in
edited transformants were mainly located at the 5’ end of the
PAM site, which is consistent with the properties of Cas9-
mediated DNA cleavage. To detect possible chimeras in the
transgenic hairy root tissue, primers (Table S1) were designed to
amplify the edited loci based on the sequencing results. No
fragments were amplified by PCR from the edited hairy roots,
and specific fragments of the expected length were amplified
from wild-type explants (Figure 3D), confirming the absence of
chimeras in the edited hairy roots. Furthermore, PCR
amplification and sequencing were performed on one
randomly selected edited hairy root (gRNA10) using primers
that flanked the gRNA-targeted locus (Table S1). A total of 20
random colonies were sequenced, which all contained changed
sequences at the gRNA targeted locus, further confirming that
the tested transformant was not a chimera (Figure S6).

Agrobacterium rhizogenes significantly
affects expression of genes involved in
hormone signal transduction

Compared with the wild-type explant lacking fluorescence,
several GFP fluorescence spots were observed in callus formed at
the wound surface of C. medica explants at 10 days post-
agroinfiltration (Figure 4A), indicating that K599 successfully
transferred the binary plasmid into numerous cells.
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Agrobacterium rhizogenes K599 mediated highly efficient genetic transformation bypassing tissue culture. (A) Schematic diagram of the
protocol for conducting A. rhizogenes-mediated genetic transformation bypassing tissue culture. (B) Images of Citrus medica, C. limon, and
citrange ‘Carrizo’ at 4 months post-agroinfiltration. GFP, citrus explants infiltrated with K599 harboring a binary plasmid containing GFP; Wild-
type, untreated citrus explants. The left images were taken under white light, and the right images were taken under excitation light. (C) Green
fluorescent protein (GFP) signal visualized by laser scanning confocal microscopy in transgenic tissues of citrus roots. GFP, green fluorescent
protein expression signal observed with a Leica-SP8MP confocal fluorescence microscope (excitation 488 nm, emission 505-550 nm); Bright,
brightfield; Merged, merged GFP and brightfield images. (D) GUS staining of roots.

Transcriptome sequencing (PRJNA800116) of callus from wild-
type and agroinfiltrated explants was conducted. A total of 4,233
differentially expressed genes (DEGs), comprising 2,744
upregulated and 1,489 downregulated genes, were identified in
agroinfiltrated tissues compared with the non-treated control
(Figure 4B; Table S7). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis revealed that
many DEGs in agroinfiltrated tissue were enriched in the
“transcription factors” (87), “plant-pathogen interaction (55)”,
“amino sugar and nucleotide sugar metabolism” (41), “plant
hormone signal transduction” (56), “transporters” (136), “starch
and sucrose metabolism” (37), “glycosyltransferases” (50),
“cytochrome P450” (32), and “enzymes with EC numbers”
(66) (Figure 4C; Table S8). Gene ontology (GO) enrichment
analysis revealed that many DEGs in agroinfiltrated tissue were
enriched in “DNA-binding transcription factor activity” (274),
“transcription regulator activity” (290), “response to external
stimulus” (326), “response to oxygen-containing compound”
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(347), “response to other organism” (243), “response to
external biotic stimulus” (243), “response to biotic stimulus
(243), and “defense response” (212) (Figure 4D; Table S9).
Further analysis revealed that many DEGs enriched in the
pathways “Plant hormone signal transduction” (Figure S7),
“Phenylalanine, tyrosine and tryptophan biosynthesis” (Figure
S8), “Plant-pathogen interaction” (Figure S9), and “MAPK
signaling pathway” (Figure S10) were upregulated.

Agrobacterium rhizogenes-mediated
genetic transformation complements
“hard-to-get” transgenic materials and
facilitates gene function analysis

Huanglongbing is among the most destructive citrus

diseases worldwide and is caused by the phloem-limited
bacterium Candidatus Liberibacter asiaticus (CLas). Citrus
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Agrobacterium rhizogenes K599-mediated genetic transformation and genome editing is highly efficient. (A) Schematic diagrams of genome-
editing elements used in the study. (B) Green fluorescence signal visualized by laser scanning confocal microscopy in transgenic tissues of citrus
roots. (C) Alignment of the genome-edited sequence of corresponding transgenic hairy roots with the gRNA-targeted loci. Blue nucleotides
indicate gRNA and red nucleotides indicate PAM. (D) PCR assays conducted at gRNA-targeted sites of transgenic and wild-type roots.

roots harbor the pathogens during CLas infection and are
difficult to treat with bactericides. Our previous studies
revealed that overexpression of ACD2 in citrus promotes CLas
multiplication (Pang et al.,, 2020). However, ACD2-edited or
ACD2-silenced citrus roots have never been obtained using A.
tumefaciens-mediated genetic transformation because ACD2
family genes are involved in the regulation of cell death and all
corresponding transgenic shoots ultimately die. In the present
study, we successfully obtained ACD2-edited citrus roots using
K599-mediated genetic transformation (Figures 5A-C),
indicating that this technology is advantageous for
investigation of specific genes to obtain “hard-to-get”
transgenic root tissue. In addition, A. rhizogenes-mediated
citrus genetic transformation facilitates evaluation of tissue-
specific promoters. When identifying exogenous genes that
enhance resistance against a phloem-limited pathogen, a
phloem-specific promoter is critical to reduce the impact of
these genes on citrus biological traits (Dai et al., 2004; Tzean
,2020). In Arabidopsis, the companion cell-specific AtSUC2
promoter has been widely used in gene function analysis of

etal.
phloem-related genes (Paultre et al., 2016). In the present study,
the homologous sequence of the AtSUC2 promoter was
identified in citrus and designated CsSUC2pro. Subsequently,
we constructed three binary plasmids containing the GFP and
GUS genes, of which CsSUC2pro, 35S, or no promoter was
inserted at the 5" end of GUS (Figure 5D). Using K599-mediated
genetic transformation, we obtained transgenic citrus hairy roots
harboring these three plasmids (Figure 5E). The results of GUS
staining showed that all cells of 355-GUS transgenic roots were
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stained blue, whereas only cells located in the phloem of
CsSUC2-GUS transgenic roots were stained blue, and no cells
of GUS (no promoter) transgenic roots were stained (Figure 5F).

Agrobacterium rhizogenes-mediated
virus inoculation and its applications

Virus-induced gene silencing (VIGS), virus-mediated
genome editing, or foreign gene overexpression technology
have been widely used for gene function analysis in plants in
2016; Ellison et al., 2020).
However, a viral vector cannot be transiently expressed in

recent years (Velazquez et al,

citrus leaves via Agrobacterium infiltration. Application of this
technology to citrus is usually reliant on the use of tobacco
(Nicotiana spp.) for virion enrichment. Given that K599-
mediated genetic transformation of citrus is highly efficient,
the feasibility of K599-mediated viral inoculation in citrus was
examined. First, the Citrus leaf blotch virus (CLBV)-ChllI vector
containing a partial sequence of ChII (Magnesium chelatase
subunit I) was constructed for ChII silencing in citrus
(Figure 6A). Citrus medica explants were infiltrated with K599
harboring the CLBV-ChlI viral vector. Agroinfiltrated explants
displayed photobleaching phenotypes in new leaves after 3
months (Figure 6B). RT-qPCR results showed that the
expression level of Chil in CLBV-ChlI-transfected leaves was
significantly downregulated, indicating that successful K599-
mediated viral inoculation could be used for VIGS
(Figure 6C). Subsequently, the CLBV-FT vector (Figure 6D)
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containing the full-length sequence of the Arabidopsis thaliana
FLOWERING LOCUS (FT) gene was constructed for FT
overexpression in citrus based on a previously published
method (Velazquez et al., 2016). The CLBV-FT vector was
agroinfiltrated using 2-month-old C. medica seedlings, and the
citrus infected with CLBV-FT flowered 9 months later
(Figure 6E). The RT-qPCR results showed that the expression
level of FT in CLBV-FT-transfected C. medica was significantly
upregulated (Figure 6F).

Discussion

Currently, A. tumefaciens, electroporation, particle
bombardment, and RNA interference are used for citrus
genetic transformation, but these methods are laborious,
expensive, time-consuming, and inefficient. The limitation of
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these methods is largely due to their reliance on tissue culture,
which requires an aseptic environment. Using A. tumefaciens-
mediated genetic transformation as an example, the acquisition
of transgenic citrus requires 4- to 5-week-old seedlings
germinated on Murashige and Skoog medium, co-incubation
of explants with A. tumefaciens, and shoot regeneration, and
each step involves tissue culture under aseptic conditions
(Orbovic and Grosser, 2015). However, only few researchers
have studied the genetic transformation of citrus bypassing
tissue culture. With regard to A. tumefaciens, Chun-zhen
Cheng developed an in planta genetic transformation
approach for pomelo (Citrus maxima) and obtained transgenic
plants using this method 3 months post-transformation (Zhang
et al,, 2017). On the other hand, virus-mediated genome editing
in tobacco, Arabidopsis, and wheat has been reported (Ellison
et al., 2020; Ghoshal et al., 2020; Ma et al., 2020; Luo et al., 2021).
However, the aforementioned in planta genetic transformation
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Agrobacterium rhizogenes K599 significantly affects expression of genes involved in hormone signal transduction. (A) Phenotype of callus
generated on the wound surface of explants 2 weeks post-agroinfiltration. (B) Volcano plot (left) and histogram (right) of callus 2 weeks post-
agroinfiltration compared with the wild type. (C) KEGG pathway analysis of differentially expressed genes (DEGs). The count represents the
numbers of DEGs annotated for the pathway term. The g value is the adjusted p value. (D) Gene ontology (GO) enrichment analysis of DEGs.
The results are summarized for the three GO categories (cellular component, molecular function, and biological process). The x-axis represents

the number of DEGs in a category; the y-axis represents the GO term.
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Agrobacterium rhizogenes-mediated genetic transformation complements "hard-to-get” transgenic materials and facilitates gene function
analysis. (A) Schematic diagrams of ACD2 gene-editing elements used in the study. gRNA1 and gRNA2 represent two gRNA scaffolds targeting
ACD2. (B) Green fluorescence signal visualized by laser scanning confocal microscopy in transgenic tissues of citrus roots. (C) Alignment of the
genome-edited sequence of ACD2-edited hairy roots with the gRNA-targeted loci. (D) Schematic diagrams of vectors containing different types
of promoters. (E) Transgenic roots with GFP fluorescence were obtained after agroinfiltration using vectors containing different types of

promoters. (F) GUS staining of transgenic roots.

technology requires 3-5 months to obtain transformants. In
addition, virus-mediated genome-editing technology for woody
plants has not been reported to date.

In recent years, the technology for obtaining transgenic roots
using A. rhizogenes has been well developed in many herbaceous
plants, such as soybean (Kereszt et al., 2007; Cao et al., 2009; Cheng
et al,, 2021), grain amaranth (Castellanos-Arevalo et al., 2020), rice
(Raineri et al., 1990), and maize (Ishida et al., 2007). However, no
report of A. rhizogenes-mediated endogenous gene editing
bypassing tissue culture in citrus is available. In the present study,
the genetic transformation procedure for citrus using A. rhizogenes
bypassing tissue culture required only 2-4 weeks (C. medica) or 1-2
months (C. limon and citrange ‘Carrizo’). The explants used in this
study are branches, which are highly convenient to obtain.
Subsequently, we established a highly efficient, convenient, and
cost-effective genome-editing technology system in citrus using this
technology. In addition, the procedure can be used for efficient
inoculation with viral vectors. Furthermore, hairy roots induced by
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A. rhizogenes often develop from single cells, which leads to a lower
incidence of chimerism in transgenic roots (Roychowdhury et al,
2017). This phenomenon was confirmed using the technology in
the present study. In our study, the transcriptome analysis of citrus
callus induced by A. rhizogenes revealed that hormone (IAA)
pathway was significantly triggered, which provide evidence to
explain the highly efficient transformation rate in citrus. To
improve the efficiency of verification of transgenic hairy roots, the
binary vector (1380-Cas9-HA) used contains the GFP reporter
gene. Thus, the hairy roots can be identified by hand-held excitation
light detection of GFP, which is time- and labor-saving. The
establishment of a highly efficient genetic transformation
technology mediated by A. rhizogenes for multiple citrus species
is of great importance for gene functional analysis in citrus.

In summary, we established a highly efficient genetic
transformation technology bypassing tissue culture for citrus,
which can be used for genome editing, gene overexpression, and
virus-mediated gene function analysis. The advantages of this
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FIGURE 6

Agrobacterium rhizogenes-mediated citrus genetic transformation promotes the virus-induced application on citrus. (A) Schematic diagrams of
the CLBV-Chll vector. (B) Silencing phenotype of Citrus medica inoculated with wild-type CLBV (CLBV-CK) and CLBV-Chll. (C) Relative
accumulation of Chll mRNA in C. medica inoculated with CLBV_CK or with CLBV_Chll. (D) Schematic diagrams of the CLBV-FT vector
generated by cloning the FT gene from Arabidopsis thaliana. (E) Flowering of a juvenile C. medica inoculated with the CLBV-FT. The juvenile C.

medica inoculated with CLBV-CK did not flower. (F) Expression of AtFT.

technology are as follows: (1) the explant used for
transformation are citrus branches, which is convenient to
obtain; (2) the transformation process does not involve tissue
culture and thus is convenient to implement; (3) the process is
time-saving (2-8 weeks); (4) the procedure is less labor
demanding (as few branches are required); (5) a high
frequency of positive transformants is obtained (~57%, C.
medica); (6) gene transformation or genome editing are
achieved with high efficiency (Table S10). The problems that
may be encountered during the experiment and the
corresponding solutions were listed in Table S11. We
anticipate that by removing the high cost, heavy workload,
long experimental period, and other technical obstacles, this
genetic transformation technology will be a valuable tool for
routine investigation of endogenous and exogenous genes
in citrus.
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On-site and visual detection of
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Rapid, sensitive and visual detection of plant viruses is conducive to effective
prevention and control of plant viral diseases. Therefore, combined with reverse
transcription and recombinase-aided amplification, we developed a CRISPR/
Casl2a-based visual nucleic acid detection system targeting sorghum mosaic
virus and rice stripe mosaic virus, which cause harm to crop production in field.
When the RT-RAA products were recognized by crRNA and formed a complex with
LbCas12a, the ssDNA labeled with a quenched green fluorescent molecule will be
cleaved by LbCasl12a, and then a significant green fluorescence signal will appear.
The entire detection process can be completed within 30 min without using any
sophisticated equipment and instruments. The detection system could detect
samples at a dilution of 107, about 10*-fold improvement over RT-PCR, so the
system was successfully to detect rice stripe mosaic virus in a single leafhopper,
which is the transmission vector of the virus. Finally, the CRISPR/Casl2a-based
detection system was utilized to on-site detect the two viruses in the field, and the
results were fully consistent with that we obtained by RT-PCR in laboratory,
demonstrating that it has the application prospect of detecting important crop
viruses in the field.

KEYWORDS

RT-RAA, CRISPR/Cas12a, SrMV, RSMV, visual detection, on-site detection

1 Introduction

Viruses are the most prevalent disease-causing agents in plants and pose serious threat to
agriculture and food security (Jones and Naidu, 2019). Despite the significant increase of
ssDNA viruses in recent years, RNA viruses cause more serious losses in crops and enormously
damage to agricultural production (Zhang et al., 2018). The development of a sensitive and
accurate diagnostic method is crucial to control plant viruses. A series of methods have been
established, including, but not limited to, polymerase chain reaction (PCR), reverse
transcription followed by PCR (RT-PCR), loop (or RT-loop) mediated isothermal
amplifications (LAMP and RT-LAMP), molecular hybridization, and enzyme-linked
immunosorbent assay (ELISA) (Rubio et al., 2020). PCR-based detection methods are the
most widely used virus detection technology at present, especially real-time quantitative PCR
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(QPCR) and (RT-qPCR), which rely on the binding of a virus
sequence-specific fluorescent probe to the PCR-amplified region
and are become more popular since the epidemic of SARS-CoV-2.
However, qPCR and RT-qPCR detection methods require well-
equipped laboratories and relatively more expensive reagents,
impeding the use of these technologies at resource-limited areas for
plant virus diagnosis. ELISA is another widely used technology in virus
detection, which has the advantages of high sensitivity and high
throughput, but needs viral specific antibodies to the virus
structure protein (Clark and Adams, 1977). Most of these methods
are faced with some defects such as high cost, limited accuracy,
insufficient sensitivity, and inability to use in the field for on-site
diagnosis in a low-resource environment. Therefore, establishment of
rapid, sensitive and portable sensing of viral detection technologies
will greatly promote the research, prevention and control of plant virus
diseases.

The clustered regularly short palindromic repeat-associated
systems (CRISPR-Cas) comprise sequence-specific RNA-directed
endonuclease complexes that bind and cleave nucleic acids (Bhaya
et al., 2011). In the last decade, CRISPR-Cas has been extensively
exploited in eukaryotic species for genome engineering, molecular
immunity, and transcriptional regulation (Doudna and
Charpentier, 2014; Zhang et al., 2018; Zhang et al., 2019; Zhao
et al., 2020; Zhu et al., 2020). Further, many CRISPR systems were
found to unleashes indiscriminate single stranded DNase activity
by target identification and cleavage (Li et al., 2018a; Chen et al,,
2018). This property can be harnessed for nucleic acid detection,
and several detection platforms have been established in the past

10.3389/fgeed.2023.1124794

years. For instance, SHERLOCK (Specific High-sensitivity
Enzymatic Reporter UnLOCKing), HOLMES (an one-Hour
Low-cost Multipurpose highly Efficient System), and DETECTR
(DNA Endonuclease-Targeted CRISPR Trans Reporter) are three
pioneer nucleic acid detection platforms, which employ the non-
specific endonuclease activities of Cas13-ssRNA reporter or Cas12-
ssDNA reporter (Gootenberg et al., 2017; Li et al., 2018b; Chen
et al., 2018; Gootenberg et al., 2018; Kellner et al., 2019). These
detection platforms have the advantages of high sensitivity and
direct display of detection results.

Isothermal amplification techniques, such as loop mediated
isothermal amplifications (LAMP) and recombinase polymerase
amplification (RPA), are more and more widely used in the
detection of viral nucleic acid, because they allow nucleic acid
amplification at a single temperature, thus supporting their use in
the field for on-site diagnosis in a low-resource environment (Notomi
et al.,, 2000; Piepenburg et al, 2006). LAMP and RPA are further
customized as RT-LAMP and RT-RPA when combined with a reverse
transcriptase, that can be utilized for the detection of RNA viruses
(Fukuta et al., 2003; Euler et al.,, 2013). In the past few years, LAMP
and RPA methods (including RT-LAMP and RT-RPA) have been
integrated with CRISPR/Cas system for rapid and portable detection
of both DNA and RNA viruses (Kellner et al., 2019; Broughton et al.,
2020; Kaminski et al.,, 2021).

Sorghum  mosaic (SrMV),
Potyviridae, is one of the main pathogens causing sugarcane

virus genus Potyvirus, family

mosaic disease, and is widely distributed in major sugarcane
regions in the world at present (Lu et al, 2021). The rapid

A Blue light
(F —?—Q
RT-RAA 5
i M __>3, 5,—> —
37°C
20 min
Sugarcane or  Crude plant dsDNA Cas12a Indiscriminate + -
rice leaf extraction ssDNase activity
B Cc @
120 > v &
X L P
80 all components RS ‘é oé &
5 P S E & D
& 60 - no Cas12a
~ no crRNA &
40 -~ no ssDNA
20 -~ no target
0 - no buffer
0 10 20 30
Time (min)
FIGURE 1

Detection system based on reverse transcription-recombinase-aided amplification and CRISPR/Cas12a. (A) Schematic diagram of the method for rapid
and visual nucleic acid detection using RT-RAA-CRISPR/Cas12a assay. In this detection system, target gene fragments were amplified with RAA; ssDNA probes
(5'-FAM/3'-BHQ1 labeled) were added, and subsequently cleaved by Cas12a to generate green fluorescence. The detection results were directly visible under
blue light. (B) Validation of the CRISPR/Cas12a assay. In the absence of each component, the real-time fluorescence signal was continuously monitored
for 30 min. (C) After 30 min of reaction, the tubes were irradiated with UV light for visualization. n = 3 technical replicates, and data points are shown as

mean + SD.
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FIGURE 2

Optimization of reaction conditions for CRISPR/Casl12a-based visual detection. The SrMV RT-RAA product was cloned into vector and the plasmid was
used for the optimization of the CRISPR/Cas12a system. (A) The concentration of Cas12a protein was constant, and the concentration of crRNA in the system
was optimized. (B) The concentration of crRNA was constant, and the concentration of Cas12a protein in the system is optimized. (C) The concentration of
Casl12a protein and crRNA was optimized in equal proportion. (D) Real-time fluorescence signal analysis of ssDNA probes at different concentrations. (E)
Determination of optimal ssDNA concentration by visual observation. (F) Real-time fluorescence signal analysis of plasmid templates at different
concentrations. (G) Determination of optimal plasmid templates concentrations by visual observation. n = 3 technical replicates, and data points are shown as

mean + SD.

detection and identification of this virus is helpful to control the
sugarcane mosaic disease in the field.

Rice stripe mosaic cytorhabdovirus (RSMV) is cytoplasmic
rhabdovirus damaging rice production in China (Yang et al,
2017a). RSMV infected plants exhibit distinct
including yellow stripes, mosaic patterns, and twisted leaf tips
(Yang et al.,, 2017a; Chen et al,, 2019), and it is transmitted by
Recilia dorsalis leathoppers in a persistent-propagative manner
(Yang et al, 2017b). With the increase of the number of
leathoppers in the field in south China, the damage caused by

symptoms,

RSMYV is also increasing year by year. Therefore, it is necessary to
have a method that can detect viruses in the field, and it is better to
have the ability to detect viruses in vector insects.

In this study, we developed a rapid, sensitive, specific and visual
method to detect STMV and RSMV based on RT-recombinase-
aided amplification (RT-RAA) and CRISPR/Casl2a system. RT-
RAA is an isothermal nucleic acid amplification procedure which is
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similar to RT-RPA. From sample homogenization to RT-RAA
followed by CRISPR/Casl2a detection, the entire detection
process can be completed within 30 min without using any
sophisticated equipment and instruments. The new assay is
highly sensitive compared with RT-PCR and highly specific for
the target viruses. Furthermore, the method was applied to detect
RSMYV in samples of a single vector leafthopper, demonstrating that
it has the application prospect of detecting important crop viruses
in the field.

2 Materials and methods
2.1 Plant and insect samples

Sugarcane leaves infected with sorghum mosaic virus (SrtMV),
sugarcane mosaic virus (SCMV), sugarcane yellow leaf virus (SCYLV),
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Sensitivity and specificity assay for RT-RAA-CRISPR/Casl12a detection for SrMV. (A) The crude extracts of SrMV infected sugarcane leaves were diluted
gradiently and tested with RT-RAA. (B) The crude extracts were diluted gradiently and tested with RT-PCR. (C) The crude extracts were diluted gradiently and
tested by RT-RAA-CRISPR/Casl12a detection method, and the real-time fluorescence signal was continuously monitored for 30 min. Water was used as blank
control. (D) The gradiently diluted crude extracts were tested by RT-RAA-CRISPR/Cas12a method and followed by visual observation. (E) The crude
extracts of plants samples infected with different viruses were tested by RT-RAA-CRISPR/Cas12a detection method, and the real-time fluorescence signal was
continuously monitored for 30 min. Healthy plant sample was used as control. (F) The crude extracts of plants samples infected with different viruses were
tested by RT-RAA-CRISPR/Casl2a method and followed by visual observation. SrMV: sorghum mosaic virus, SCMV: sugarcane mosaic virus, SCYLV:
sugarcane yellow leaf virus, RSMV: rice stripe mosaic virus, SRBSDV: southern rice black-streaked dwarf virus. n = 3 technical replicates, and data points are

shown as mean + SD.

and rice plants infected with rice stripe mosaic virus (RSMV),
southern rice black-streaked dwarf virus (SRBSDV), rice gall dwarf
virus (RGDV), rice ragged stunt virus (RRSV), rice orange leaf
(ROLP)
Leathoppers (Recilia dorsalis) were reared and propagated on the
RSMV-infected rice plants. RT-PCR with specific primers of each of
these pathogens was conducted to verify the samples were indeed

phytoplasma were preserved in our laboratory.

infected.

2.2 RT-RAA primer design

The sequences of 11 SrMV isolates were downloaded from
NCBI (Supplementary Table S1) and compared by MegAlign
(DNAStar, Madison, WI, USA), and the conserved sequences
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were designed as the RT-RAA primers (Supplementary Table
S2). For RSMV, the RT-RAA primers were designed from the
conserved region of its encoded N gene (Supplementary Table S2).

2.3 RT-RAA assay

The RT-RAA assay was performed using the RT-RAA kit (Cat:
S003ZC, ZC Bio-Sci&Tech, Hangzhou, China). The reaction
mixture contained 9.5 ul buffer A, 9.5ul nuclease-free water,
1 pl forward primer (10 uM), 1 pl reverse primer (10 uM), 2 ul
buffer B, and 2 ul RNA template. Buffer B was pre-loaded inside the
lid, and the reaction tube was centrifuged briefly to ensure the
reagents were well-mixed. The products were visualized by gel
electrophoresis using 2% agarose gels.
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Sensitivity and specificity assay for RT-RAA-CRISPR/Casl2a detection for RSMV. (A) The crude extracts of RSMV infected rice leaves were diluted
gradiently and tested by RT-RAA. (B) The crude extracts were diluted gradiently and tested by RT-PCR. (C) The crude extracts were diluted gradiently and
tested by RT-RAA-CRISPR/Casl12a detection method, and the real-time fluorescence signal was continuously monitored for 30 min. Water was used as blank
control. (D) The gradiently diluted crude extracts were tested by RT-RAA-CRISPR/Cas12a method and followed by visual observation. (E) The crude
extracts of rice samples infected with different pathogens were tested by RT-RAA-CRISPR/Cas12a detection method, and the real-time fluorescence signal
was continuously monitored for 30 min. Healthy plant sample was used as control. (F) The crude extracts of rice samples infected with different pathogens
were tested by RT-RAA-CRISPR/Cas12a method and followed by visual observation. (G) The crude extracts of single leafhopper samples were tested by RT-
PCR. (H) The crude extracts of single leafhopper samples were tested by RT-RAA-CRISPR/Casl12a detection method, and the fluorescence signal was
guantitative monitored by microplate reader. (I) The crude extracts of single leafhopper samples were tested by RT-RAA-CRISPR/Cas12a detection method
and followed by visual observation. RSMV: rice stripe mosaic virus, SRBSDV: southern rice black-streaked dwarf virus, RGDV: rice gall dwarf virus, RRSV: rice
ragged stunt virus, ROLP: rice orange leaf phytoplasma. n = 3 technical replicates, and data points are shown as mean + SD.

2.4 RT-PCR

Total RNA was extracted from leaf samples using the TRIzol
reagent (Vazyme, Nanjing, China). RT-PCR amplification was carried
out using a One-Step RNA PCR kit (Cat: RR055, Takara, Dalian,
China) with the StMV or RSMV specific RT-RAA primers. The
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reaction system (10 pl) contains 5 pl of 2X reaction mix, 1 pl RNA
template, 0.25 pl forward primer, 0.25 pl reverse primer, and 3.5 ul
ddH,O. The procedure of PCR was as follows: 50°C for 30 min; 95°C
for 5 min; 35 cycles of 95°C for 30s, 55°C for 30 s, and 72°C for 30 s;
and 72°C for 5min. After amplification, the resulting RT-PCR
products were visualized by gel electrophoresis using 2% agarose gels.
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TABLE 1 Field samples detection for SrMV by two methods.
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FIGURE 5
Field on-site detection of SrMV and RSMV by the RT-RAA-CRISPR/Cas12a system. (A) The pipeline of on-site plant virus detection based on the RT-RAA-
CRISPR/Casl2a system. Take a piece of leaf from the plants and put it into a 1.5 ml tube, followed by grinding with 400 pl crude extraction buffer. Then take
2 pl crude extract into 25 pl RT-RAA reaction system, water bath at 37°C for 20 min. Finally take 2 pl RT-RAA products into 18 pl CRISPR/Casl12a detection
solution, water bath at 37°C for 10 min and observed under a UV flashlight. (B) The sites we performed the on-site detection of SrMV and RSMV in
Guangdong and Guangxi province, China.

Target virus Location Samples amount RT-RAA-CRISPR-Cas12a (on-site) RT-PCR (in laboratory)
No. Positive Positive rate (%) No. Positive Positive rate (%)

StMV Luoding 13 3 23.07 2 15.38

Xinyi 20 1 5.00 1 5.00

Wuchuan 18 1 5.55 0 0.00

Xindi 24 5 20.83 5 20.83

Lingshan 20 2 10.00 1 5.00

Bobai 16 4 25.00 4 25.00

2.5 The design and synthesis of crRNAs

The crRNAs of LbCasl2a recognize a 20-nt target sequence
adjacent to a 5'-TTTN-3' site. The spacer sequence of crRNA was
designed to recognize the region between the RT-RAA primers. The
spacer sequence was aligned using NCBI BLAST to ensure the
specificity of the crRNA target sequence (Supplementary Table S3).
The crRNAs were synthesized by Sangon Biotech (Shanghai, China).
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2.6 Purification of the LbCasl2a protein

The LbCasl2a was cloned into pET28a (Novagen) with
N-terminal 6xHis tagging. The plasmid was transformed into
E. coli strain Rosetta (DE3). For protein expression, a single clone
was first cultured overnight in 5-mL liquid LB and then 1% (v/v)
inoculated into 200 ml of fresh liquid LB. Cells were grown with
shaking at 220 rpm and 37°C until the OD600 reached 0.8, and then
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TABLE 2 Field samples detection for RSMV by two methods.
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Target virus Location Samples amount RT-RAA-CRISPR-Cas12a (on-site) RT-PCR (in laboratory)
No. Positive Positive rate (%) No. Positive Positive rate (%)

RSMV Luoding 24 10 41.67 10 41.67

Xinyi 16 7 4375 7 43.75

Wuchuan 12 3 25.00 3 25.00

Xindi 20 3 15.00 3 15.00

Lingshan 14 6 42.86 6 42.86

Bobai 18 4 2222 4 2222

0.5 mM IPTG was added followed by further culture at 37°C for 4 h.
Cells were harvested and resuspended in 25 mL lysis buffer (50 mM
Tris-Hcl, 600 mM NaCl, 1 mM DTT, and 5% glycerol) with 1 mM
PMSF as the protease inhibitor, then were sonicated on ice. The
obtained lysate was then centrifuged at 15,000 rpm for 30 min. The
supernatant was mixed with 5mL Ni-NTA beads (ThermoFisher
Scientific) and softly shaken for 1h at 4°C. The beads were washed
with wash buffer (lysis buffer supplemented with 30 mM imidazole)
and eluted with elution buffer (lysis buffer supplemented with
600 mM imidazole). Fractions containing LbCasl2a proteins were
verified by SDS-PAGE and then pooled for dialysis with dialysis buffer
(50 mM Tris-HCl, 600 mM NaCl, 2 mM DTT) overnight. Finally, the
protein was collected and diluted to a final concentration of 10 uM and
stored at —80 °C.

2.7 The LbCasl2a-based fluorescence assay
for trans-cleavage activity

The total CRISPR/Casl2a reaction volume was 20 pl, and the
reaction mixture contained 500 nM LbCas12a, 500 nM crRNA, 2 pl
10X Enhanced Buffer (100 mM Tris-HCI, 100 mM NaCl, 150 mM
MgCl,, 10 mM DTT, 5% PEG-200), 2 pl plasmid that contained the
target gene, 2 uM fluorophore quencher labeled ssDNA probe (5'-
FAM-CCCCCCCC-BHQ1-3). Reactions were performed at 37°C on
multi-functional microplate reader Varioskan LUX (Thermo), and the
fluorescence was measured every 30 s (Aex: 492 nm; Aem: 520 nm).
The fluorescence signals were also examined by under a UV Flashlight.

For testing the minimum detection limit of the CRISPR/Cas12a
reaction, the RT-RAA products were cloned into pEASY-Blunt Zero
vector (TransGen Biotech) and the obtained plasmids were verified by
sequencing. Then the concentration of the plasmids was determined
by Nanodrop spectrophotometry (Thermo Scientific) and the copy
number was calculated. The viral copy number of crude extract was
calculated by comparing the Cq number of the plasmids based on RT-
qPCR data. The series of 10-fold diluted plasmids or crude extract of
virus infected leaves were proceeded for CRISPR/Casl2a reaction
system.

2.8 Direct virus detection from crude extracts

15-20 mg of leaf tissue or a single insect was homogenized by a
hand-held tissue homogenizer in a 1.5-ml tube with 400 pl or 50 pl
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extraction buffer (6% PEG 200 and 20 mM NaOH), respectively. After
incubation at room temperature for 3-5 min, the crude extract was
directly subjected to RT-RAA without purification, followed by
CRISPR/Casl2a visual detection using the above procedure.

2.9 Sensitivity and specificity assay

For sensitivity assay, a crude extract of the leaf sample was
considered the 1x dilution. Further 10-fold serial dilutions, 10!, 102,
10°, 10%, 10°, 10% 107 and 10° were made and proceed for RT-RAA-
CRISPR/Casl2a detection.

For specificity assay, plants infected with different viruses were
sampled for RT-RAA-CRISPR/Cas12a detection.

2.10 Field sample detection

To test the CRISPR/Casl2a-based detection system, sugarcane
and rice samples were collected from different locations in Guangxi,
Guangdong. The RT-RAA reaction was incubated at 37°C for 20 min,
and 2 pl of the RT-RAA product was used for the CRISPR/Casl2a-
based detection as described above. Moreover, to verify the accuracy of
the CRISPR/Cas12a-based detection system, the samples were taken
back to the laboratory and analyzed by using RT-PCR method.

3 Results
3.1 Optimization of the conditions for RT-RAA

The RT-RAA-CRISPR/Cas12a RNA virus detection platform is
shown in Figure 1A. The first step is RT-RAA amplification on the
crude extract of the sample. So we optimized the conditions of RT-
RAA by using SrtMV infected sugarcane leaf samples. We designed
multiple RT-RAA primer sets against the conserved region of
SrMV genome (Supplementary Table S2). 6 out of 8 sets of
primers were effective in the RT-RAA reaction, and the third set
(RAA-SrMV-F3 and RAA-SrMV-R3)
(Supplementary Figure S1A). We thus proceeded with this

was more active

primer set in later StMV RT-RAA experiments. Then we tested
the effect of different primers concentration, reaction temperature,
and reaction time for the RT-RAA efficiency. The results showed
that 0.4-0.8 uM, reaction

primer concentration between
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temperature between 32°C-42°C, and reaction for 20-40 min was
suitable for RT-RAA reaction (Supplementary Figure S1B-D). To
facilitate and save reagents for the RT-RAA reaction, we set the
primer concentration at 0.4 uM, reaction temperature at 37°C, and
reaction time for 20 min for further experiments.

3.2 Optimization of the conditions for
CRISPR/Casl2a-based visual detection

After amplification, the RT-RAA product will be used for
detection assay with CRISPR/Cas12a. When the RT-RAA products
were recognized by crRNA and formed a complex with LbCas12a, the
ssDNA labeled with a quenched green fluorescent molecule will be
cleaved by LbCas12a, and then a significant green fluorescence signal
will appear (Figure 1A). We purified LbCas12a which was expressed in
Escherichia coli, and obtained the protein with correct size
(Supplementary Figure S2). The detection results can be observed
directly under blue light after reacting for approximately 10 min
(Figure 1B). In contrast, no fluorescence signal will be produced if
the system lacks LbCasl2a, crRNA, ssDNA, RT-RAA product, or
buffer (Figures 1B, C).

To achieve a better detection effect, we optimized the
concentration of each component in the system using plasmid as
template. We first investigated the dosage of LbCas12a and crRNA in
this reaction (100, 200, 400 nM). The results showed that no matter
the concentration of LbCasl2a or crRNA increased alone or that of
both LbCas12a and crRNA was increased, there was no significant
improve on the trans cleavage activity of LbCas12a (Figures 2A-C).
Next we tested the dosage of ssDNA in this reaction, and a series of
concentrations of ssDNA (0, 100, 250, 500, 750, and 1000 nM) were
applied. With the increase of the concentration of ssDNA added, the
fluorescence signal is gradually enhanced (Figure 2D), and clear green
fluorescence was produced when the concentration reached 500 nM
(Figure 2E). Together, final concentrations of 100 nM for LbCas12a,
100 nM for crRNA, and 500 nM for ssDNA were used for further
experiments.

After determining the optimal concentration of each component
in CRISPR/Casl2a system, we subsequently tested the minimum
detection limit of this system. We cloned the RT-RAA product
into a clone vector and got the concentration of 2.28 x 10" copies/
pl plasmid. When the plasmid was diluted to 2.28 x 10® copies/yl, the
fluorescence signal could be detected but weak, and when diluted to
2.28 x 107 copies/pl, no obvious fluorescence signal can be detected
(Figures 2F,G), indicating the detection limit of our CRISPR/Casl2a
system was 2.28 x 10° copies/pl.

3.3 Sensitivity and specificity assay for RT-
RAA-CRISPR/Cas12a detection for SrMV

Here we combined our RT-RAA assay and CRISPR/Casl2a
detection system together to set up a visual detection for SrtMV. To
test the sensitivity of the detection method, the crude extract of
SrMV infected sugarcane leaves was serially diluted by 10-fold and
quantified by RT-qPCR (2.50 x 107 to 2.50 x 107! copies/ul). The
diluted samples were used as templates of RT-RAA or RT-PCR, and
then the amplification products were proceeded for electrophoretic
detection or CRISPR/Casl2a detection. The results showed that for
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both RT-RAA and RT-PCR followed by electrophoretic detection,
only the samples containing more than 2.50 x 10* copies/pl viral
RNA can be detected (Figures 3A, B). In contrast, in the RT-RAA
followed by CRISPR/Casl2a detection, fluorescence can still be
observed after the crude extract was diluted to 2.50 copies/pl viral
RNA (Figures 3C, D). Therefore, the combination of RT-RAA and
CRISPR/Casl2a significantly enhanced the sensitivity in virus
detection.

Next, we tested the specificity of the RT-RAA-CRISPR/Cas12a method
for SIMV detection. We used the crude extracts of plants infected with
different viruses as templates to carry out experiments. The results showed
that only the samples infected with SrMV could produce strong
fluorescence signals, and the others had no obvious fluorescence
emitted (Figures 3E, F), indicating the detection method based on RT-
RAA and CRISPR/Casl2a was specific.

3.4 The development of the CRISPR/Casl12a-
based visual detection for RSMV

RSMV is a new emerging rice virus in South China and is lacking rapid
on-site detection system (Yang et al., 2017a). We therefore developed the
RT-RAA-CRISPR/Casl2a detection system for RSMV. We designed
RT-RAA  primer sets the RSMV  genome
(Supplementary Table S2). 7 out of 8 sets of primers were effective in
the RT-RAA reaction, and the first set (RAA-RSMV-F1 and RAA-RSMV-
R1) was more active (Supplementary Figure S3A). We thus proceeded with
this primer set in later RSMV detection. Then we tested the effect of
different primers concentration, reaction temperature, and reaction time for
the RT-RAA efficiency. Similar as we did for SrMV detection, primer
concentration between 0.1 and 0.4 uM, reaction temperature between
30°C-42°C, and reaction for 20-45 min was suitable for RT-RAA reaction
for RSMV  (Supplementary Figure S3B-D), and we set the primer

multiple against

concentration at 0.4 uM, reaction temperature at 37°C, and reaction
time for 20 min for further experiments.

3.5 Sensitivity and specificity assay for RT-
RAA-CRISPR/Cas12a detection for RSMV

To test the sensitivity of the detection for RSMV, the crude extract of
RSMV infected rice leaves was serially diluted by 10-fold and quantified by
RT-gPCR (2.62 x 10 to 2.62 x 107" copies/pl). The diluted samples were
used as templates of RT-RAA or RT-PCR, and then the amplification
products were proceeded for electrophoretic detection or CRISPR/Casl2a
detection. The results showed that for both RT-RAA and RT-PCR followed
by electrophoretic detection, similar as we did for StMV, only the samples
containing more than 2.62 x 10* copies/ul viral RNA can be detected
(Figures 4A, B), but the detection limit of RT-RAA-CRISPR/Casl12a for
RSMV go to 2.62 copies/pl viral RNA (Figures 4C, D). We also tested the
specificity of the RT-RAA-CRISPR/Cas12a method for RSMV detection.
We used the crude extracts of rice plants infected with four different viruses
or one phytoplasma as templates to carry out experiments. The results
showed that only the samples infected with RSMV could produce strong
fluorescence signals, and the others had no obvious fluorescence emitted
(Figures 4E, F), indicating this RSMV detection method had high
specificity.

RSMYV is transmitted by leathopper vector, and the detection of vector
viruliferous rate is the basis for disease occurrence prediction and control
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(Wang et al, 2021). Hence, we tested the RT-RAA-CRISPR/Casl2a
detection for RSMV in leathopper samples. We picked 10 leathoppers
fed on rice plants infected with RSMV, crude extracted, and detected by RT-
PCR or the RT-RAA-CRISPR/Cas12a methods. 7 out of 10 samples
showed strong positive signal by both methods, but the last three
samples (#1, #5, and #9) only showed obvious signal by RT-RAA-
CRISPR/Casl2a system (Figures 4G-I). The results indicate that the
RT-RAA-CRISPR/Cas12a visual detection method can effectively detect
the leathopper vector with RSMV, and its sensitivity is higher than that of
traditional RT-PCR method.

The application of RT-RAA-CRISPR/Casl2a detection in field.

According to the above results, we can get a field visual detection
process for StMV and RSMV: 1, Take a piece of leaf from the plants
with suspected disease symptoms and put it into 1.5 ml tubes, followed
by grinding with 400 ul crude extraction buffer; 2, Take 2 ul crude
extract into 25 pl RT-RAA reaction system, water bath at about 37°C
for 20 min; 3, Take 2 ul RT-RAA product into 18 ul CRISPR/Cas12a
detection system, water bath at about 37°C for 10 min and then
observed under a UV flashlight (Figure 5A).

Using this system, we detected over 100 samples for each virus in
6 field locations in South China (Figure 5B). The sugarcane samples were
on-site detected for StMV and the rice samples for RSMV, the infection
rates were ranging from 5%-25% of StMV (Table 1) and 15%-43% of
RSMV (Table 2) in different locations. We also take the samples from the
same plants back to laboratory for RT-PCR detection, and the detection
rate was almost the same (Supplementary Table S4), indicating the RT-
RAA-CRISPR/Cas12a on-site visual detection can be effectively applied in
the field.

4 Discussion

Sugarcane diseases caused by SrMV infection are widely distributed
worldwide, and rice diseases caused by RSMV infection are becoming more
serious and spreading year by year (Yang et al,, 2018; Lu et al., 2021). Rapid
and accurate detection of these viruses is helpful for forecasting and
preventing the epidemics. However, current diagnostics for StMV and
RSMV can be performed only in equipped laboratory, causing a delay
between field sample collection and detection results informing. Here, we
developed a method for visual detection of RNA virus based on CRISPR/
LbCasl2a system, including RT-RAA reaction and CRISPR/LbCasl2a
detection. In this visual detection system, the ssDNA probe, labeled
with 5'-FAM and 3'-BHQI, was added and could be cleaved by the
ssDNase activity of LbCas12a to produce green fluorescence. The method is
portable and economical, by which the detection results can be observed
directly by nacked-eye under blue light. Therefore, this method has a
promising application prospect in field on-site detection.

Compared with other plant virus detection methods, this technology
shows significant advantages in three aspects. First, the RT-RAA-CRISPR/
Cas12a detection system has much higher sensitivity. In our sensitivity assay
of RT-RAA-CRISPR/Cas12a system, for both SrMV and RSMV detection
had 10" times higher sensitivity than direct RT-RAA or RT-PCR methods.
Interestingly, the 10> and 10” diluted crude extract samples showed stronger
fluorescence signal than 10° and 10" diluted samples (Figures 3C, D; 4C, D).
We speculate that this may be due to the composition of the crude extract
buffer affecting the reaction of CRISPR/Casl2a detection system, and
suggest diluting the crude extract 100 to 1000 times in use to obtain
more sensitive results. Second, the RT-RAA-CRISPR/Casl12a detection
system has higher time efficiency. The RT-RAA reaction can be
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completed within 20 min, and the CRISPR/Casl2a fluorescence display
takes only 10 min to observe the results. Therefore, with simple sample
collection, homogenization and reagent addition, it only takes about 30 min
to get the virus diagnosis results on site. Last but not the least, the RT-RAA-
CRISPR/Cas12a detection method has low requirement for equipment and
instruments. Unlike traditional PCR assays, RAA reaction does not require
repeated heating and cooling process, and the detection results are directly
fluorescent displayed in the reaction tube by the CRISPR/LbCas12a system.
Thus, this detection system only needs a single temperature water bath
(even just a cup of warm water, the RAA reaction does not need accurate
temperature) and a UV flashlight.

So far, isothermal amplification combined with CRISPR/Casl2a
nucleic acid recognition system has been broadly employed to detect
various viruses (Broughton et al,, 2020; Duan et al,, 2022). Notably, the
risk of aerosol contamination during the detection procedure should not be
ignored. To avoid transferring the amplified products which easily causes
aerosol contamination thus leading to false positive risk, some one-pot
methods integrating nucleic acid amplification and CRISPR detection into a
single reaction tube have been exploited (Li et al., 2019; Aman et al., 2020;
Ding et al., 2020). However, these one-pot methods generally suffer from
poor sensitivity due to the cross interference between the reagents of
isothermal amplification and CRISPR/Casl2a detection system. Here the
detection platform we established was mainly used for on-site virus
detection in the field, where has less aerosol contamination than in the
laboratory, so a two-step approach was adopted to get best sensitivity of the
detection.

In summary, a rapid and sensitive method for visual detection of ST(MV
and RSMV has been developed. This method for RNA virus detection is
highly efficient and its detection limit is much lower than that of RT-PCR.
This system has been successfully applied in the field for on-site detection,
and the detection rate is almost the same or even higher with this
technology compared with RT-PCR detection in the laboratory.
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College of Forestry, Fujian Agriculture and Forestry University, Fuzhou, China

Novel constitutive promoters are essential for plant biotechnology. Although in
angiosperms, a number of promoters were applied in monocots or dicots
genetic engineering, only a few promoters were used in gymnosperm. Here
we identified two strong promoters (Culall and Cula08) from Chinese fir
(C. lanceolate) by screening the transcriptomic data and preliminary promoter
activity assays in tobacco. By using the newly established Chinese fir protoplast
transient expression technology that enables in vivo molecular biology studies in
its homologous system, we compared the activities of Culall and Cula0O8 with
that of the commonly used promoters in genetic engineering of monocots or
dicots, such as CaM35S, CmYLCV, and ZmuUbi, and our results revealed that
Culall and Cula08 promoters have stronger activities in Chinese fir protoplasts.
Furthermore, the vector containing Cas gene driven by Culall promoter and
sgRNA driven by the newly isolated CulaU6b polylll promoters were introduced
into Chinese fir protoplasts, and CRISPR/Cas mediated gene knock-out event
was successfully achieved. More importantly, compared with the commonly
used promoters in the genetic engineering in angiosperms, Culall promoter has
much stronger activity than CaM35S promoter in transgenic poplar, and ZmUbi
promoter in transgenic rice, respectively, indicating its potential application in
poplar and rice genetic engineering. Overall, the novel putative constitutive gene
promoters reported here will have great potential application in gymnosperm
and angiosperm biotechnology, and the transient gene expression system
established here will serve as a useful tool for the molecular and genetic
analyses of Chinese fir genes.
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Introduction

Strong gene promoters that drive the high levels of constitutive
gene expression are one of the key elements for plant biotechnology
applications. Several well-known gene promoters were widely used
for transgene expression in plants. The cauliflower mosaic virus
(CaMV) 35S gene promoter is the most commonly used in
dicotyledonous plants, as it strongly and constitutively drives
transgene expression (Odell et al, 1985). In monocots, various
promoters such as ZmUbil from maize (Christensen et al., 1992),
and Actl (McElroy et al.,, 1990), OsCcl (Jang et al., 2002), APX,
SCP1, PGDI1, R1GIB, and EIF5 from rice (Park et al, 2010), are
regarded as constitutive gene promoters in crop biotechnology
applications. However, in gymnosperm, limited reports showed
that the CaM35S constitutive promoter was commonly used for
gene-overexpression, but its activity tends to be low in conifers (Lin
et al,, 2005; Song et al., 2020). Moreover, despite CaM35S promoter
works in several conifers, there is currently a shortage of efficient
promoters for high-level constitutive gene expression, which may
satisfy performing multiple transgenes in a single vector that require
different strong promoters in gymnosperm, as well as CRISPR/Cas
mediated gene editing technology.

CRISPR/Cas mediated gene editing technology facilitates the
fundamental research and molecular breeding in plants (Zhu et al,
2020; Gao, 2021). In the CRISPR/Cas system, the expression of Cas
is generally driven by an RNA polymerase II (Pol II) promoter, while
the Pol IIT promoters of small nuclear RNA (snRNA) genes, such as
U3 and U6 promoters, are commonly used to drive sgRNA
expression in plants (Zhang et al., 2017; Scheben and Edwards,
2018). Therefore, the choice of promoter is a crucial factor for gRNA
and Cas gene expression in plant cells, thereby affecting the editing
efficiencies (Manghwar et al.,, 2019; Hassan et al., 2021).
Constitutive promoters sustained high expression activities in all
cell types, and CaM35S promoter and Ubiquitin promoter were
mostly used in the mutagenesis in dicots and monocots, respectively
(Rahman et al., 2022). In gymnosperm, CaM35S promoter was used
in-planta genome editing technologies in three conifer species,
namely P.radiata (Poovaiah et al, 2021), C.japonica (Nanasato
et al, 2021), and P.glauca (Cui et al, 2021). However, their
efficiencies are quite low, probably due to the relatively low
activity of CaM35S promoter. Optimizing those elements of
CRISPR/Cas system is perquisite for the successful genome
editing in plants, and identifying stronger promoters that are
highly expressed in gymnosperm is crucial for its genome editing.

Since generating stable genome-edited plants is time-
consuming and complex, it is necessary to develop a simple and
rapid system for testing, selecting and verifying the activity of
candidate promoters in its homologous system. Protoplasts
transient expression assay provides a versatile tool for performing
genomics, transcriptomics, metabolic and epigenetics studies (Xu
et al., 2022). It nicely bypasses the difficult stable transformation
procedure, and enables obtaining results within several hours or
days. At present, it was widely used in studying the molecular
mechanisms controlling plant growth development, plant hormone
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signaling, gene expression regulation, as well as other physiological
processes (Eeckhaut et al., 2013; Lin et al., 2017; Priyadarshani et al.,
2018; Wang et al., 2021b; Xu et al., 2022). By coupling protoplast
transient expression experiments with the high-resolution imaging
technology, scientists can simply, rapidly and efficiently analyze and
characterize gene functions and regulatory network, such as protein
subcellular localization, protein-protein interaction, transcriptional
regulatory networks, as well as gene response to various external
cues (Poddar et al., 2020; Wang et al., 2021a; Wang et al., 2022). To
date, protoplast isolation and transfection system have been
successfully used in the molecular studies in many angiosperms,
such as rice (Yu et al, 2014b), switchgrass (Burris et al., 2016),
barley (Yu et al,, 2014a), grapevine (Zhao et al., 2016), wheat (Liao
et al,, 2010), ryegrass (Yu et al., 2017), Arabidopsis (Sang-Dong
etal., 2007; Wu et al., 2009), maize (Sheen, 2001), tobacco (Locatelli
et al., 2003), populus (Guo et al., 2012; Tan et al., 2013), cacumber
(Cucumis sativus) (Huang et al., 2013) and pineapple
(Priyadarshani et al., 2018). Mutagenesis in protoplasts can be
achieved by CRISPR/Cas gene editing in several plant species
(Malnoy et al.,, 2016; Lin et al, 2017; Liu et al.,, 2018; Ye et al,
2020). Whereas in gymnosperm, including Chinese fir
(Cunninghamia lanceolata (Lamb.) Hook), the protoplast
isolation and transformation techniques are still difficult.

Chinese fir, which belongs to the Cupressaceae family, covers
the largest plantation area and becomes the most important timber
species in China (Cao et al, 2022). With the development of
modern biology, researchers are more and more interested in
unraveling the molecular mechanisms as well as identifying the
important genes that control wood formation, growth and
development, nutrient absorption, and abiotic or biotic stress
response. Currently, a large number of bioinformatical data was
generated (Wan et al., 2012; Lin et al., 2020), however, few studies
reported on its gene functional analysis. And until now, no native
genes were transiently expressed in Chinese fir, mainly due to the
lack of efficient transient and stable gene expression system. In
Chinese fir, the use of native protoplast transient expression system
is important as it can perform gene expression analysis without the
hard technique and time-consuming problems in obtaining
transgenic plants and callus, and provides an efficient, precise and
consistent way for revealing molecular mechanisms. At present, a
few studies reported the isolation of Chinese fir protoplasts
(GeQiang and Guoning, 2012; Tang et al., 2018), which
contributes to its molecular study. However, the derived
protoplasts are always low yield and quality (shrunken protoplast
and fractured), probably that’s why few protoplast transformation
studies were reported in Chinese fir. And a more stable and easily
reproducible protocol is required gene functional characterization,
promoter activity assays, as well as optimization of the CRISPR/Cas
elements that are suitable for its gene editing.

In this study, we identified two new promoters (Cula08 and
Culall) from Chinese fir based on the transcriptomic data. To
quickly check their activities natively, we first established a stable
and repeatable protoplast isolation and transformation protocol
enabling promoter activity assays, protein subcellular localization,
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protein-protein interaction, and Ribonucleoprotein (RNP)-
mediated gene editing studies. With this system, we showed that
promoters that commonly used in monocots and dicots
transformation, such as CmYLCV, ZmUbi and CaM35S
promoters also work in Chinese fir protoplasts. Whereas Cula08
and Culall exhibited stronger activities. More importantly, Culall
promoter showed much higher activity than CaM35S promoters in
transgenic poplar, and ZmUBI promoter in transgenic rice,
suggesting its potential application in poplar and rice genetic
engineering. By using Cula 11 promoter for the expressions of
Cas genes (SpRY and SpG) and the newly isolated CulaU6b
promoter for sgRNA expression, gene editing was successfully
achieved in Chinese fir protoplast. The promoter identified here
will contribute to the gene expression analysis in Chinese fir, as well
as rice and poplar, and the protoplast-mediated transient expression
system will be useful tools for molecular studies in Chinese fir.

Materials and methods
Plant materials and growth conditions

The Chinese fir Yangkou-020, which was widely planted in
China, was used for micro-propagation. Shoot explants were
excised from in vitro grown seedlings, and germinated on MS
plus BA 0.3 mg/L, NAA 0.2 mg/L, sucrose 30 g/L and agar 6 g/L.
The pH value was adjusted to 5.8. The explants grow at 26°C under
1500 Ix light and 16 h/8 h photoperiod. The plantlets were sub-
cultured monthly.

Plasmid construction

For the promoter activity assays in tobacco, around 2.5-kb
upstream of ATG were cloned with the primers listed in
Supplemental Table 2. The PCR products were inserted into the
upstream of pPLV04 plasmid using in-fusion cloning methods
(TaKaRa, Japan) (De Rybel et al, 2011), which enable that
promoters drive the expression of the downstream eGFP. The
resulted plasmids were used for premilitary promoter activity
tests in tobacco.

For promoter activity assays in Chinese fir protoplasts. 35S:
NLS-TdTomato plasmid was used as the backbone (Liu et al., 2017),
and the coding sequence for TdTomato was first replaced with eGFP
between BamHI and Stul sites to generate the 35S:NLS-eGFP
plasmid. The promoters of Cula 11, Cula 08, CmYLCV, and
ZmUbi were cloned by using the primers listed in Supplemental
Table 2, and used for replacing the CaM35S promoter. The
generated plasmids containing Cula 11: NLS-eGFP, Cula 08:
NLS-eGFP, YLCV: NLS-eGFP, and ZmUbi: NLS-eGFP cassette
were used for Chinese fir protoplast transformation, respectively.

For BiFC experiments in Chinese fir protoplast, the CulaSCL3 and
CulaDELLA genes were cloned with the primers listed in Supplemental
Table 2, and fused into the PENTRY-ENOI entry vector (Sugano et al,,
2018). The fragments were further ligated into pB4cYGW and
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pB4nYGW vectors by gateway cloning method (Kamigaki et al.,
2016), which were used for protoplast transformation.

For optimizing CRISPR/Cas elements suitable in Chinese fir
protoplast, a plasmid expressing a mutant version of RFP (muRFP)
with a base insertion at 14™ position was created by PCR with the
muRFP-F and muRFP-R primers listed in Supplemental Table 2,
and the resulted muRFP fragment was used to replace the
TdTomato fragment at BamHI and Stul sites. A CRISPR vector
containing sgRNA targeting the insertion sites of muRFP was
designed, and was driven by Chinese fir native U6b promoter. To
construct the Cas nucleases and gRNA expression plasmids, the
codon-optimized SpRY or SpG gene cassettes, 35S:HPTII expression
cassettes and Culall promoter were cloned with the primers listed
in Supplemental Table 2 (Sarrion-Perdigones et al., 2013; Vazquez-
Vilar et al,, 2016). These fragments were integrated into the pGGP
AG vector (Decaestecker et al., 2019) to generate the intermediate
plasmid containing SpG/SpRY-eGFP-35S:HPTII cassette by using
goldengate cloning method (Sarrion-Perdigones et al., 2013). Then
the pCulaU6b-gRNA-pCulall fragment containing the Ncol
restriction enzyme recognition site was cloned by using sgRNA-
Cas9 expression vector as templet (Zhang et al., 2014) with the
primers listed in Supplemental Table 2. The resulted fragment was
integrated into the above intermediated plasmid at Ncol site with
in-fusion cloning method (De Rybel et al.,, 2011).

For constructing plasmid simultaneously expressing RFP and
CFP, the RFP-P2A-CFP fusion gene were amplified by overlapping
PCR (Fang et al., 2005) with the primers listed in the Supplemental
Table 2, and the resulted fusion fragments were cloned into 35S:
NLS-TdTomato plasmid by replacing the TdTomato fragments as
we described above.

For plasmids used for poplar transformation, the promoters of
CaM35S and Culall were fused into pCambial301 vector (Yan
et al,, 2012) between the HindIII and Ncol restriction enzyme sites,
respectively, and resulting the vectors containing promoter: GUS
expression cassette. The sequences of all plasmids were confirmed
by DNA sequencing.

Protoplast isolation and transformation

We provided a detailed protocol on Chinese fir protoplast
isolation, transient transfection, as well as RNP-mediated gene
editing in the Supplemental Method.

Protoplast counting

Protoplast numbers were counted with a hemocytometer
(QiuJing, Shanghai, China). Forty microliters of protoplast
solutions were put on the surface of the hemocytometer, and then
laid the cover slide carefully. The number of intact protoplasts in the
four corners of the grid was counted under microscope as described
before (Wang et al, 2021a). The protoplast numbers (mL™) were
calculated based on the formula: the average number of the intact
cells in the four corners of the gridx10®.
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Poplar and rice transformation

Aspen hybrid clones Yinzhong (P. alba x P. berolinensis) was
used for transformation as described previously (Wang et al., 2011).
Briefly, leaf explants excised from 3-week-old in vitro grown plants
were inoculated with Agrobacterium strain EHA105 for 10 min, and
co-cultured on MS with 0.1 mg/L NAA + 0.2 mg/L 6-BA + 50 mg/L
AS for 2 days. The bacterial was removed by washing in sterilized
distilled waters, and the explants were cultured on MS with 0.1 mg/
LNAA + 0.2 mg/L 6-BA + 0.01 mg/L TDZ + 500 mg/L cefotaxime +
50 mg/L kanamycin. The medium should be changed every month
until the kanamycin-resistant shoots were regenerated. Transgenic
shoots were excised and transplanted into MS with 0.1 mg/L NAA +
500 mg/L cefotaxime + 25 mg/L kanamycin to induce the root. The
whole processes were proceeded in the tissue culture room with the
light intensity of around 200 umol m™ s and photoperiod of 12 h
light/12 h dark. The temperature was kept at about 25°C for the
whole transformation process. After selection and molecular
verification, a total of 5 independent transgenic lines were
obtained for further analysis.

Rice transformation was performed following the
Agrobacterium-mediated transformation protocol established
previously (Sahoo et al, 2011). Briefly, the sterilized rice seeds
were placed on the callus induction media (CIM) containing casein
hydrolase (300 mg/L), proline (560 mg/L), maltose (36g/L), 2-4-D
(2.5 mg/L), BAP (0.25 mg/L), and Phytagel (3 g/L) with a PH of 5.8.
The induced embryogenic calli were infected with Agrobacterium
culture and kept in co-cultivation media for 48 h. After washing, the
calli were kept on selection medium containing hygromycin (50
mg/L) and cefotaxime (250 mg/L), and actively growing calli were
then transferred to regeneration medium for regeneration, rooting
and hardening.

Gus staining

Histochemical staining for GUS activity in transgenic poplar
and rice was performed as the protocol described in (Jefferson et al.,
1987). At least 3 independent transgenic lines were used for

this experiment.

Tobacco infiltration

Tobacco infiltration was performed based on the established
protocol (Yang et al, 2000). Briefly, the overnight culture of
Agrobacterium EHA 105 containing promoter: GFP plasmids as
well as the transformation helper plasmid pSoup was diluted and
cultured to ODggo 0.6. The agrobacteria was harvested by
centrifugation and resuspended in 10 mM MES (pH5.5) plus MS
basal medium (Murashige and Skoog, 1962), and then adjusted to
ODgpp 0.5 with the acetosyringone concentration of 150 uM. The
bacterial suspensions were incubated 2 h at 25°C, and then
were infiltrated into leaves of 5-week-old N. benthamiana
plants using a needless syringe. After agroinfiltration, tobacco
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plants were maintained in a growth chamber at 22°C under 16 h
light for 48 h.

Co-focal imaging

The incubated protoplasts were centrifuged at 900 rpm for 2
min, the supernatant was carefully removed with around 100 pL
leftover. Protoplasts were resuspended with blunt tips, and
transferred to slide with a cover glass for observation.
Observations were used a fluorescence confocal microscope (Leica
TCS SP8X DLS), adjusting for different excitation wavelengths and
filter types at the 493-520 nm for GFP, 519-540 nm for YFP, 587-
638 nm for RFP and 450-460nm for DAPI. The GFP fluorescence
was recorded, and the green GFP signal intensities were quantified
relative to using the Image] software (n>20).

Genomic DNA extraction and
PCR/restriction enzyme assay

Protoplasts samples were pooled and collected 2 days after
plasmid or RNP transfection, the protoplast genomic DNA was
extracted using TITANamp Micro DNA kit (TTANGEN, Shanghai),
and PCR-amplified with high fidelity DNA polymerase using
primers spanning the cutting site with the primers listed in
Supplemental Table 2. The amplicons were then digested with a
restriction enzyme that cut the wildtype sequences while not the
mutant sequence that caused by CRISPR. Alternatively, T7EI
enzyme assay were also performed for this verification (Liang
et al, 2018). The products were visualized by agarose gel
electrophoresis. Uncut bands were purified with TIANgel Midi
Purification Kit (TTANGEN, Shanghai) according to the
manufacturer’s instructions, and used as the DNA templet for the
second round PCR. The 2™ round restriction enzyme assay was
performed again as described previously (Wang et al., 2014). The
uncut bands were purified and the mutated sequences were
identified by cloning and sequencing plasmids isolated from
single colonies.

Results

Identification of novel constitutively
expressed genes in Chinese fir

To screen for genes that are constitutively expressed in Chinese
fir, the expression profiling was performed using the public the
transcriptomic data from public database was downloaded from
NCBI (SRX2586190, SRX2586189, SRX2586188, and SRX139598)
(Lietal., 2017; Wang et al., 2020). These analyses identified 24 genes
that were expressed in all tissues at high levels (Supplemental Table
S1). All 24 putative promoters (~2.5 kb upstream of ATG) were
cloned and inserted into the pPLV04 vector (De Rybel et al,, 2011),
which resulted in constructs with each promoter linked to the green
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fluorescent protein gene (GFP) fused with nuclear localization
signal (NLS). To make the preliminary screening easier, we first
transiently expressed those constructs in tobacco. And our results
showed only 4 promoters produced GFP fluorescence, Culall,
Cula08, and Cula04 promoters have 10.8-, 9.9-, and 1.5- times
higher than the putative Cula Actin (Culal2) promoter based on the
fluorescence signal intensities (Supplemental Figure 1). By checking
their expressions from various tissues and growth stages, including
leaves, roots, shoots, as well as seedlings at indicated days after
germination, we found that the activities of Culall and Cula08
genes are constitutively expressed (Supplemental Figure 2). Based
on the annotation, Culall gene encodes a putative ubiquitin gene,
and Cula08 gene encodes a pathogenesis-related protein, whereas,
their molecular functions remain to be elucidated. In summary,
Culall and Cula08 promoters that might have strong activities were
screened and used for the following further analysis.

Establishment of a stable and repeatable
protoplast isolation and transient
expression system in Chinese fir

Promoter activity assays are usually performed by analyzing the
transgenic plants expressing promoter::reporter constructs.
However, as for Chinese fir, it is well-known for its difficult or
recalcitrant to transformation, and few promoters have been
characterized in Chinese fir. Thus, alternative methods, such as
protoplast-based expression system is required for functional
genomics studies, including promoter activity assays. Protoplast
isolation has some common features, and the enzymes used to
digest the cell wall matrix usually consist of various mixtures of
cellulase (Cellulase R-10 or Cellulase RS), hemicellulase, and
pectinase (Macerozyme R-10). However, in different plant species,
the protocols are always different (Eeckhaut et al., 2013; Lin et al.,
2014). We attempted to isolate protoplasts using the reported
protocols (GeQiang and Guoning, 2012; Tang et al.,, 2018), but
found that the obtained protoplasts are always low yield and quality
(shrunken and fractured) (Supplemental Figure 3), and not always
reproducible. Then we systematically investigated various tissues
including calluses, cell suspension culture, cotyledons, leaves, roots,
wood-forming cells from stem and seedlings, and found that fresh
aerial part of 90-day-old tissue culture plants is most suitable
starting materials for its protoplast isolation (Supplemental
Figure 4). In our lab, the enzyme recipe for releasing protoplast
in Chinese fir is: using 0.4 g fresh aerial part of 1.5-month old tissue
culture derived Chinese fir seedlings, incubating with 2.0% (w/v)
Cellulase-RS, 1.5% (w/v) Macerozyme R-10, and 0.3% (w/v)
Pectinase Y-23 for 2 h (Supplemental Figure 5; Supplemental
Method). Four key steps for Chinese fir protoplast isolation and
transient transformation: firstly, selection of the right starting
material is crucial (Supplemental Figure 4; Supplemental
Method); secondly, after transformation, a modified W5 solution
with equal osmotic pressure to the MMG solution should be used,
as it substantially avoids obtaining shrunken and fractured
protoplasts (Supplemental Figure 3; Supplemental Method);
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thirdly, transient heat shock treatment (40°C for 2 min) is
necessary for the successful transformation (Supplemental
Figure 5); fourthly, Chinese fir protoplasts are quite sensitive to
osmotic potential, and minute difference in the concentration of
mannitol will result in different yield of intact protoplast. Under our
experimental conditions, 0.5 mM mannitol provides the best results
(Supplemental Figure 5). Compared with angiosperms, the current
protoplast isolation (1.5x10°/g FW) and transformation (~25%-
45%) efficiencies are not so high (Figure 1A; Supplemental
Figure 5), but easy to operate and highly repeatable. More
importantly, the protoplasts derived based on our protocol
remain intact and healthy, instead of shrink and fractured shape
as commonly showed in the previous protocols (Supplemental
Figure 3), which satisfied the following gene functional studies.

To test if CaM35S promoter works in Chinese fir protoplasts,
and the utility of the transient expression system in protein
subcellular localization analysis, organelle-markers tagged with
GFP or RFP, including plasma membrane marker GFP-PENI
(Assaad et al., 2004), endoplasmic reticulum marker Calnexin-
mRFP (Gao et al., 2012), peroxisome marker px-gb and
mitochondria marker mt-rk (Nelson et al., 2007) driven by
CaM35S promoter were introduced into Chinese fir protoplasts,
and observed under co-focal microscope. The results showed
positive protoplasts display predicted organelle patterns with low
background fluorescence levels (Figure 1B), indicating the
protoplast-mediated transient expression system is applicable in
analyzing protein subcellular localization in Chinese fir.

To show this transient expression system is repeatable and
stable, we performed protein interaction assays. In Arabidopsis,
SCARECROW-LIKE 3 (SCL3) protein interacts with DELLA, and
acts as a positive regulator in gibberellin signaling pathway (Zhang
etal, 2011). To check if the homologues of SCL3 and DELLA from
Chinese fir also have interactions, CulaSCL3 and CulaDELLA genes
were cloned and linked with C- and N- terminal of YFP for
bimolecular fluorescence complementation (BiFC) analysis in its
protoplasts. Positive signals appear after co-transforming plasmids
harboring CulaSCL3-cYFP and CulaDELLA-nYFP, while the
negative controls gave no fluorescence (Figure 1C), supporting
that SCL3 and DELLA have conserved binding ability in Chinese
fir, and this transient expression system could be used for protein-
protein interaction assays.

To check if this system could be used for expressing
ribonucleoprotein (RNP), Cas9 protein and the sgRNA targeting
putative 4-coumarate:CoA ligase (4CL) gene (Figure 1D) were
introduced to Chinese fir protoplasts. Protoplasts were pooled and
used for PCR/restriction enzyme (RE) assay as described
previously (Shan et al., 2014). The digestion-resistant bands in
the RNP-treated samples were detected by PCR/RE assay
(Figure 1E). Further cloning and sequencing of these uncut
bands revealed the existence of various mutations (Figures 1F,
(), indicating the successful native gene knock-out in Chinese
fir protoplasts.

In summary, we showed that the protoplast-based expression
system established here is stable and repeatable, and could be used
for many molecular biology applications.
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Protoplast isolation, transfection and gene function study in Chinese fir. (A) Status of Chinese fir protoplasts before (left) and after (right)
transformation. Scale bar: 10 um. (B) Subcellular localization of various cell organelle markers on plasma membrane (PEN1-GFP), ER (CNX-mRFP),
peroxisome (px-gb), mitochondria (mt-rk) and control (35S:GFP) in Chinese fir protoplasts. Scale bar: 10 um. (C) BiFC assay showing the interaction
between CulaSCL3 and CulaDELLA in Chinese fir protoplasts. Scale bar: 10 um. (D) Schematic of the Cula4CL gene with the RNP targets (bottom).
The corresponding PAMs (blue) and Pst/ site were highlighted (yellow). (E) PCR/RE assay to detect engineered RNP-induced mutations in
protoplasts. (F) Sequencing of the PCR products from wild-type and RNP-delivered samples. (G) Mutation types and frequencies of RNP-delivered
protoplasts. PAM (blue) and indels (Red) are shown; the ratios of certain indel type are shown in brackets.

Culall and Cula0O8 promoter activity assay
in Chinese fir protoplast

To investigate promoter activity in the Chinese fir protoplast,
the well-known promoters in the genetic engineering of dicots
and monocots, including CaM35S, CmYLCV (Stavolone et al,
2003), and ZmUbi, as well as the newly isolated Culall and
Cula08 promoters, were fused with 35S:NLS-eGFP plasmid
(Liu et al, 2017), and introduced to the Chinese fir protoplast
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(Figure 2A). Our results showed that all the promoters tested here
work and sufficiently drive the downstream gene expression work
and sufficiently drive downstream gene expressions in Chinese fir
protoplasts; however, the activities of Culall and Cula08 promoters
are substantially higher than that of the promoters commonly used
in angiosperms (Figures 2B, C). Those results suggested that Culall
and Cula08 promoters have strong strength in Chinese fir
protoplasts, and they might be suitable for driving high levels of
gene expression in stable transformants of Chinese fir in the future.
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FIGURE 2

Activities of various promoters in Chinese fir protoplasts. (A) Schematic representation of the vector used for protoplast transformation in Chinese fir.
(B) Represented Chinese fir protoplasts transfected with the plasmid expressing GFP driven by various promoters. Scale bar: 10 um. (C) Promoter
activity assays. The fluorescence of the positive protoplasts were measured using ImageJ, and the mean + s.d for n=25 individual protoplasts for
each sample were calculated. These experiments were repeated three times.

Culall and CulaU6b promoter contribute achieved in Chinese fir. To select the proper CRISPR/Cas elements
to the CRISPR/Cas mediated gene editing that function in its gene editing, a mutant RFP version (muRFP)
in Chinese fir protoplast containing 1-bp “Guanine” insertion and giving no fluorescence

was artificially constructed (Figure 3A). The CRISPR/Cas elements
CRISPR/Cas technology becomes revolutionary tool for plant  composed of plant codon-optimized SpRY or SpG gene (Ren et al.,
molecular breeding (Zhu et al., 2020). However, no gene editing was ~ 2021) driven by the Culal1-strong promoter, and the sgRNA driven
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FIGURE 3

Application of Culall promoter in the CRISPR/Cas mediated genome editing in Chinese fir protoplasts. (A) Strategies for verifying CRISPR/Cas
constructs in Chinese fir protoplasts. Constructs expressing non-functional muRFP (Top) and optimized CRISPR elements (Bottom) were co-
transformed, and muRFP will be corrected to RFP once the CRISPR elements work (Middle). (B) Representative Chinese fir protoplasts expressing
muRFP (Top), and co-transfected with SpG and SpRY expressing constructs that reproducibly emitting fluorescence signals (Middle and Bottom),Scale
bar: 10 um. (C) Detecting of target mutations by T7 endonuclease (T7E1) assay. (D) Alternative strategy for verifying CRISPR/Cas constructs in Chinese
fir protoplasts. The tdTomato and CFP simultaneously expressed under CaM35S promoters (Top), and CRISPR plasmid which sgRNA was driven by
pCulaUéb and SpRY driven by pCulall. (E) Detection of gene mutation in Chinese fir protoplasts. Representative protoplasts simultaneously expressing
CFP and tdTomato without CRISPR plasmid (Top), and CFP signal disappeared when optimized CRISPR elements work (Middle), protoplasts that give
no fluorescence were used as control (Bottom). Scale bar: 10 um

by CulaU6b promoter (Supplemental Figure 6) were co-  theadditional “Guanine” in muRFP sequence (Figure 3A). After co-
transformed with this plasmid, and once CRISPR/Cas system  transformation, RFP signals appeared in both SpRY and SpG
works in Chinese fir, RFP function might be restored by deleting  expressing protoplasts (Figure 3B), indicating the CRISPR/Cas
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elements work in Chinese fir protoplasts and muRFP sequence was
successfully edited to RFP coding sequence. Further PCR/RE assay
confirmed the effectiveness of these CRISPR elements in Chinese fir
(Figure 3C). Since the current protoplast isolation and
transformation efficiencies are not so high, and to make the test
more convenient, a plasmid simultaneously expressing tdTomato
and CFP that produce both red and blue signals was co-transformed
with CRISPR/Cas plasmid targeting the CDS of CFP, a small
proportion of protoplasts gave only red but not blue fluoresce
were observed under confocal microscopy (Figures 3D, E), further
confirmed that the Culall promoter could be used for CRISPR/Cas
mediated gene editing in Chinese fir protoplast.

Culall promoter showed stronger activity
in transgenic poplar and rice

To check if Culall also works in other plant species, we
generated transgenic poplar expressing 35S:GUS and Culall
promoter:GUS, and compared their activities by GUS staining.
The results showed that Culall promoters have much stronger
activities in both leaves and roots compared with 35S promoter, as
revealed by GUS staining signal (Figure 4A). Moreover, to check if it
also works in monocot such as rice, we also generated GUS
expressing lines driven by ZmUBI, ACTI and Culall promoters,
and compared their activities in transgenic rice. Our results also
supported that Culall promoter has much stronger activities than
the commonly used ZmUBI and ACT1 promoter (Figure 4B). In
summary, the Culall promoter is useful as a promoter for
ubiquitous expression of transgene in both monocots and dicots.

Discussion

Despite isolating numerous promoters from numerous varieties
of plants, only a few of them are commonly used in plant genetic
engineering. Moreover, the promoter that could be used in
gymnosperm is still limited. Up to now, only a few reports have
shown that CaM35S promoter works in conifers (Tzfira et al., 1996;
Liu et al., 2020; Poovaiah et al., 2021), and isolating novel promoters
that are potentially used for its genetic engineering is important. In
this report, we screened two strong promoters from Chinese fir, and
by using the newly established protoplast mediated transient gene
expression system, we showed its strong activities natively. More
importantly, Culall promoter has much stronger activity in
transgenic poplar and rice, suggesting its potential broad usage in
plant genetic engineering.

Due to the technical obstacles and the long time required in
generating stable transgenic Chinese fir, an easy and repeatable
transient expression system is urgently required for accelerating
plant genomic study, including promoter activity analysis. In this
report, we showed that generating high-quality protoplasts depends
on the proper shoot tip materials, the composition of the enzyme
solution, as well as the compositions of modified W5 solution for
incubation (Supplemental Method). In the preliminary experiment,
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we tested the protoplast separation efficiency from various tissues of
Chinese fir, including cotyledon, leaves, and callus. However, quite
low efficient and low-quality protoplasts were obtained in most cases
when compared with the fresh aerial part of 90-day old tissue culture
plants. This protocol can be used in different Chinese fir varieties that
were widely planted in China, including Chinese fir 020 and 061.
Notably, we found that the Chinese protoplasts are quite sensitive to
the osmotic stress. Protoplasts are easily shrunken under high
osmotic potential, while burst under low osmotic potential. The
compositions of modified W5 solution, which has equal osmotic
pressure with the following MMG solution, is quite important to
keep the Chinese fir protoplast intact. Moreover, we showed that the
protoplasts prepared from this method are healthy and competent
for transformation, and successful transformation not only depends
on the PEG concentration and the amount of DNA, but also heat-
shock treatment (Supplemental Figure 5). The protocol provided
here will be a convenient technique for promoter function validation,
as well as many other molecular biology studies in Chinese fir.

With the advance in DNA sequencing technology, the bulk of
transcriptomic data of Chinese fir were generated, providing good
chance for studying the gene expression patterns of different tissues
and screening genes that have high expression in all tissues. In this
study, 24 promoters were cloned for the preliminary promoter
activity assays in tobacco (Supplemental Figure 1). Further test in
Chinese fir protoplasts showed that both Culall and Cula08
promoters have strong activities, much higher than the
commonly used promoter in monocots and dicots, such as
CaM35S, ZmUBI, or CmYLCV (Figure 1). And those two
promoters, especially Culall that with stronger activity than
Cula08, have the great potential for Chinese fir transformation.
At present, although the Culall gene was annotated as ubiquitin, its
molecular functions remain unknown. In the future, this gene
should be characterized at the cellular level. Several ubiquitin
promoters that derived from multiple plant species, including
Arabidopsis, potato, sunflower, rice or maize, were isolated, but
most of them were not frequently applied (Sharma and Sharma,
2009). The most widely applied constitutive promoter utilized for
genetic engineering were ZmUBI from maize (Cornejo et al., 1993).
To the best of our knowledge, Culall promoter is the only one that
was isolated from gymnosperm, and has the potential for
gymnosperm and angiosperms genetic engineering.

CRISPR/Cas mediated genome editing technology provides a
powerful tool for molecular study and breeding in Chinese fir. High
levels expression of Cas gene is perquisite for the successful gene editing
in Chinese fir. By using the newly isolated Culal1 promoter, we showed
that CRISPR/Cas mediated gene editing was successfully achieved
(Figure 3), indicating its potential usage in future genetic engineering.

With the progress of gene stacking technology (Zhu et al., 2017),
a battery of different promoters are needed to avoid homology-
dependent gene silencing that commonly happens in transgenic
plants with multiple copies of the same promoter (Potenza et al,
2004). Here we showed that the novel gene promoters from Chinese
fir confer high levels of gene expression in transgenic rice and poplar,
suggesting its potential alternative to 35S promoter and ZmUBI
promoters for the high-level expression of genes in monocots and
dicots. In the future, expression patterns of these genes during the
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A
CaMV35S Cula11
Leaf
Root
B
Leaf
Root
FIGURE 4
Culall promoter activity assay in the root and shoot of the promoter:GUS transgenic poplars and rice. (A) Transgenic poplars harboring the Culall
promoter:GUS were analyzed in comparison with the transgenic lines containing 355:GUS constructs. Roots (UP panel) and shoots (Bottom Panel)
from at least 3 independent transgenic lines were analyzed, and represented images were shown here. Scale bar: 2 cm; (B) Transgenic rice
harboring Culall promoter:GUS were analyzed in comparison with the transgenic lines driven by ZmUbi : GUS and Act1:GUS. Roots (UP panel) and
shoots (Bottom Panel) from at least 3 independent transgenic lines were analyzed, and represented images were shown here. Scale bar: 1 cm.

whole spectrum of transgenic plant growth, especially in rapidly =~ protocol and highlighted the tips for protoplast isolation and
dividing cells, should be functionally analyzed. transfection in Chinese fir, and for the first time we showed that

In conclusion, we reported two useful promoters for high-level  this transient expression system satisfied its gene functional studies
expression of genes in gymnosperm such as Chinese fir, as wellasin ~ in Chinese fir protoplast, including protein localization, protein-
angiosperms such as rice and poplar. We established a repeatable  protein interaction assays and Ribonucleoprotein (RNP) - mediated
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gene editing studies. Moreover, we showed the activities of several
well-known promoters in Chinese fir protoplasts, and highlighted
two new native stronger promoters that potentially be used for the
genetic engineering of both poplar and Chinese fir in the future.
With the newly isolated Culall and U6b promoters, CRISPR/Cas-
mediated gene editing was successfully achieved in its protoplast.
The technology provided here will facilitate genomic study and
genetic engineering in Chinese fir in the future.
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Soybean [Glycine max (Linn.) Merr] is a source of plant-based proteins and an
essential oilseed crop and industrial raw material. The increase in the demand for
soybeans due to societal changes has coincided with the increase in the
breeding of soybean varieties with enhanced traits. Earlier gene editing
technologies involved zinc finger nucleases and transcription activator-like
effector nucleases, but the third-generation gene editing technology uses
clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated protein 9 (Cas9). The rapid development of CRISPR/Cas9
technology has made it one of the most effective, straightforward, affordable,
and user-friendly technologies for targeted gene editing. This review
summarizes the application of CRISPR/Cas9 technology in soybean molecular
breeding. More specifically, it provides an overview of the genes that have been
targeted, the type of editing that occurs, the mechanism of action, and the
efficiency of gene editing. Furthermore, suggestions for enhancing and
accelerating the molecular breeding of novel soybean varieties with ideal traits
(e.g., high yield, high quality, and durable disease resistance) are included.

KEYWORDS

CRISPR/Cas9, soybean, molecular breeding, gene editing, application

1 Introduction

Soybean is a significant source of vegetable proteins for humans and an important
oilseed crop, making it a commercially valuable plant (Zhang A, et al., 2023). More than
90% of the soybean plants cultivated in the three main soybean-producing countries (USA,
Brazil, and Argentina) are genetically modified varieties generated using gene editing
technology (Fang et al., 2023). In terms of sustainable food production, the demand for
soybeans has continued to increase because of the scarcity of arable land. In the field of
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molecular breeding, clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein 9
(Cas9) has emerged as a commonly used third-generation gene
editing technology (Nakamori, 2023). Thus, many new and
desirable soybean traits have been developed using gene editing
technology, which is currently a hot topic in scientific research
(Osakabe and Osakabe, 2017; Chen et al., 2022; Zhou et al., 2023a).

In recent years, CRISPR/Cas9 gene editing technology has been
used by plant molecular breeders to improve various plant traits (Ma
etal, 2016; Zhang et al., 2017; Rao et al., 2022). Because it can simply,
effectively, and precisely edit target genes responsible for specific
characteristics, CRISPR/Cas9 has replaced previously used gene
editing techniques (Zheng et al,, 2021; Impens et al, 2022; Liu H.
etal,, 2022). Several crop traits, including yield, quality, stress tolerance,
disease resistance, and herbicide resistance, can be improved using
CRISPR/Cas9 systems. This can lead to the development of novel
germplasm with superior traits as well as significant advancements in
plant molecular breeding (Yin et al., 2017; Hussain et al,, 2018; Wada
et al, 2020; Gan and Ling, 2022; Qi et al., 2023).

The limitations of early genome editing methods included the
inability to explore the relationships between several related genes
(Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013). These
previous methods were mostly employed to edit individual genes.
Because soybean is a paleotetraploid, it has many homologous and
redundant genes, which makes the functional characterization of
soybean genes challenging (Tran and Mochida, 2010; Du et al,
2023). The CRISPR/Cas9 system has recently been used to edit
multiple genes in the soybean genome. This has considerably
decreased the effects of redundant genes on the efficient editing of
specific genes for breeding soybean varieties with desirable traits
(Bao et al., 2020; Xu H. et al., 2020; Baek et al., 2022; Guan et al.,
2022; Rasheed et al., 2022a).

FIGURE 1

10.3389/fpls.2023.1247707

This review describes the recent improvements in soybean traits
via the application of the CRISPR/Cas9 gene editing technology. It
also presents information regarding the target genes and their
mechanism of action, while providing a brief overview of
transformation efficiency and gene editing efficiency.
Furthermore, suggestions for future CRISPR/Cas9 development
and use in soybean molecular breeding programs are included.

2 Application of CRISPR/Cas9 gene
editing technology in soybean
molecular breeding

There has recently been an increase in the use of CRISPR/Cas9
to edit genes in soybean, corn, wheat, rice, cotton, and other crops
(Figure 1, Table 1). The creation of new soybean germplasm with
many excellent traits using various transformation methods (e.g.,
Agrobacterium-mediated transformation) has laid the foundation
for further improving CRISPR/Cas9 gene editing technology for
soybean molecular breeding (Figure 2).

2.1 Enhancement of soybean resistance to
abiotic stresses

During different soybean developmental stages, many genetic
and biochemical processes control how soybean perceives and
responds to abiotic stresses, including salinity and drought. One
of the primary objectives of molecular breeding research is
improving stress tolerance (Deshmukh et al, 2014; Amoanimaa-
Dede et al., 2022; Cadavid et al., 2023). Osmotic stress in plant cells
is typically caused by abiotic factors (e.g., drought or excessive

GmCYP78410, GmCYP78472,
GmCYP78457, GmCYP78A70 (Seed size)

; N
¥
GmUOX (Soybean nitrogen fixation)

Utility of CRISPR/Cas9 for editing soybean functional genes. The CRISPR/Cas9 gene editing technology has recently been used to modify soybean
genes affecting the oil content, photoperiodic flowering, seed coat color, seed size, plant height, and nodulation.
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TABLE 1 Applications of CRISPR/Cas9 in five major agricultural crops.

Gene " . .
. . " Edit Editing Transformation S
Specie Gene Name Gene function editing T ffici hod Research significance Reference
method ype efficiency metho
Deletion
Agrobacterium- Zhou et al.,
GmFAD2 Soybean oleic acid content Single target And 40%-85% go actertum Creation of high oleic acid soybeans (Zhou et a
Insertion mediated method 2023b)
Deletion
Regulati f soyb ist: t Agrobacterium- LiuT. F.
GmTAPI eguiation ot soybean resistance to Single target And Around 50% gr'U acterim Creation of blast-resistant soybean germplasm (Liu
soybean blast Insertion mediated method et al., 2023)
Soyb: Agrobacterium- K tal,
cybean GmVPS8a Regulation of soybean phenotype Single target Deletion 81.25% megrdit;t:; :;:g:) g Verify that the gene is a multifunctional gene ( O;ng; :
Deletion Acrobacteri (Li et al
- ietal,
GmPDCT Regulation of soybean oil synthesis Dual Target In;::tcilon 46.7% megdri‘;tzg :;Zﬁ) d Creation of high oleic acid soybean germplasm 2023b)
R tion of heat tol i Agrobacterium- Ding et al.,,
GmSPL2b egulation o 'ea © era1'1ce mn Dual Target Deletion - gr'o acterium Creation of heat-resistant soybean varieties (Ding eta
soybean during flowering mediated method 2023)
Reduced straight-chain starch Agrobacterium- Tian et al,,
Wx/OsBADH9 educed s ra%g chain stare Dual Target Deletion Around 55% gr‘o actertm Improving the edible quality of hybrid rice (Tian et a
content and improved aroma mediated method 2023)
Deletion
Agrobacterium- Wu et al,,
OsHPPD Herbicide resistance Single target And Around 44% grobactertum Creation of herbicide-resistant rice (Wueta
Insertion mediated method 2023)
Deletion Agrobacterium (Huang et al
Rice OsHPP04 Anti-parasitic nematode Dual Target I An;i Around 30% megdiate 4 method Creation of parasitic nematode resistant rice germplasm 2053) :
nsertion
Deletion
Reduction of cadmi Agrobacterium- Chen H. M.,
OsLCD educ 1o.n 0_ ca-mlum Dual Target And - go actertum Creation of low cadmium rice germplasm (Chen H. 1
accumulation in rice seeds Insertion mediated method et al,, 2023)
Regulation of the phenot f Agrobacterium- Chin et al,,
0sC1 <8 r?celO:u;)ple li :f :}?e L)l"lpe © Single target Deletion - megdri:t:(; :Zgﬂ) 3 Creation of purple sheath deficient phenotype rice germplasm ( ]21:;12) !
Deletion Gene gun
Induced haploid lasm i Rangari et al,,
ZmPLA nduce apn(;;iziermp asm Triple target and 1.04% transformation Creation of double haploid germplasm resources of maize ( ng;;)e !
Replace method
Regulation of cold stress tol Agrobacterium- Li et al,
ZmG6PDH1 egiation 0, «© _S ress tolerance Dual Target Deletion 63%-75% go actertum Creation of cold-stress tolerant maize germplasm (Lieta
Maize in maize mediated method 2023a)
Regulation of southern leaf blight Deletion Agrobacterium (Chen C
ZmChSK1 s . & Dual Target And 13.1% g_ Creation of southern leaf blight resistant maize germplasm N
susceptibility in corn Insertion mediated method et al., 2023)
ZmbHLHI121 Dual Target -
(Continued)
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TABLE 1 Continued

Gene " o .
. . " Edit Editing Transformation o
Specie Gene Name Gene function editing T fici hod Research significance Reference
method ype efficiency metho
X . Deletion . . . S . . .
Regulation of cortical gas And Agrobacterium- Creation of maize germplasm for elimination of cortical aerial (Schneider
formation in maize roots Insertion mediated method traits in the root system et al,, 2023)
Deletion Acrobacteri (Niu et al
T rium- iu et al,
ZmCals12 Gene encoding callose synthase Dual Target And - g ,0 acte Creation of maize germplasm with male sterile traits
Insertion mediated method 2023)
. L . Deletion ) e . . . .
TaTFLI-5 Regulation of flowering time and Single, Dual, And Around 40% Agrobacterium- Verification that the regulation of tiller and spikelet formation (Sun et al.,
inflorescence structure in rice Triple target Inserti mediated method in wheat has some similar molecular mechanisms 2023)
nsertion
TaDCL4, TaDCL5 Regulation of male sterility i Deletion Agrobacteri (Zhang R. Z
a \ Ta N egulation of male sterility in . obacterium- . . . ang R. Z,
8 ol Single target And 70%-75% gr Creation of male sterile wheat lines 8
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FIGURE 2

General soybean genetic transformation process. The following steps are generally included in the genetic transformation of soybean: sprouting,
cotyledon treatment, infestation, induction of healing tissue, indeterminate shoot induction, elongation, and rooting. A schematic diagram is
provided to show how the CRISPR/Cas9 system cleaves the target genomic segment

salinity). Analyses of the sequences of the related genes revealed the
regulatory effects of various plant cellular components, such as
sensors, receptors, phytohormones, transcription factors, kinases,
phosphatases, and microRNAs, on abiotic stress response-related
pathways (Ramesh et al., 2019; Mangena, 2020; Staniak et al., 2023).

Water deficiency substantially restricts soybean growth and
development, which can decrease the soybean yield by up to 40%
(Khan, 2018). Thus, there is a critical need for exploring the
mechanism underlying soybean drought resistance and generating
new drought-resistant soybean germplasm (Ramlal et al., 2022). By
deleting miR398c in soybean, Zhou et al. (2020) increased the
expression of GmCSDI1a/b, GmCSD2a/b/c, and GmCCS (relative to
the corresponding levels in over-expression strains), thereby
increasing the capacity to scavenge O®~ (Zhou et al, 2020). In
2021, Xiao et al. identified 112 GmPLA family genes in the soybean
genome and used CRISPR/Cas9 technology to knock out two
homologous genes (GmpPLA-II epsilon and zeta). Knocking out
one or both genes affected the root response to phosphorus
deficiency, with some mutant lines exhibiting increased resistance
to flooding and drought conditions (compared with the control)
(Xiao et al., 2021). Additionally, in 2021, Yu et al. reported that the
GmNF-YCI4 deletion mutant created using CRISPR/Cas9
technology is more susceptible to drought stress than wild-type
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soybean, implying GmNF-YCI4 may be useful for increasing
soybean drought tolerance (Yu et al, 2021). By comparing the
agronomic features of soybean plants over-expressing sHSP26 with
those of soybean plants in which sHSP26 had been edited, Liu S. Y.,
et al. (2022) revealed that sHSP26 may considerably increase
soybean drought tolerance and yield (Liu S. Y., et al, 2022). In
2022, Yang et al. edited the soybean transcription factor gene
GmNACI2, which decreased the survival of the transgenic plants
exposed to drought stress by at least 12%. They concluded that
GmNACI2 is a key gene that positively regulates soybean tolerance
to drought conditions (Yang C.F,, et al,, 2022).

Salinity can severely decrease the seed yield and quality of
soybean, which is a salt-sensitive crop species (Phang et al., 2008;
Cai et al,, 2022; Feng et al., 2023). In addition to accelerating the
development of salt-tolerant soybean varieties to increase grain
yield, research on salt stress tolerance can also optimize the use of
saline farmland (Chen et al., 2018; Jin et al., 2021). In 2021, Niu
et al. clarified the effects of knocking down and over-expressing
IncRNA77580 on the expression of nearby protein-coding genes
linked to the soybean response to salt stress. Additionally, increases
in the length of the DNA fragment deleted from IncRNA77580 via
the application of CRISPR/Cas9 technology increased the changes
in the expression of IncRNA77580 and nearby genes (Niu et al,
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2021). By simultaneously targeting six GmAITR genes using a
CRISPR/Cas9 system, Wang et al. (2021) produced a Cas9-free
GmAITR3 and GmAITR6 double mutant and a GmAITR2
GmAITR3 GmAITR4 GmAITR5 GmAITR6 quintuple mutant.
They determined that salt tolerance was more pronounced in the
higher-order mutants, suggesting that mutating GmAITR genes can
enhance soybean salt tolerance (Wang et al.,, 2021). Zhang M.H.
etal. (2022) produced three soybean mutants in which GmSOSI was
edited and observed that Na* accumulated significantly more in the
mutants than in the control. Accordingly, this gene is essential for
soybean salt tolerance because it helps maintain Na™ homeostasis
(Zhang M.H,, et al., 2022).

The adaptation of soybean to severe drought and salt stresses
involves the activation of overlapping pathways at the
morphological, physiological, and molecular levels. Drought
tolerance and salt tolerance are polygenic traits (Chen et al., 2018;
Kofsky et al., 2018, Mammadov et al, 2018). Additionally, the
perception of stress and its effects on soybean growth or
development are similar among the abiotic stress factors. In an
earlier study by Du et al. (2018), soybean plants in which the
transcription factor gene GmMYBI118 was silenced were more
susceptible to drought and saline conditions than soybean plants
over-expressing GmMYBI118. Moreover, the decreased production
of minor heat shock proteins increased the resistance of plants to
drought, cold, and salt stresses (Du et al., 2018). However, when
Zhang M.H. et al. (2022) knocked out GmHsps_p23, which encodes
a minor heat shock protein in soybean, the transgenic plants were
highly susceptible to salt and drought conditions. Future research
will need to focus on the use of several gene editors to
simultaneously target and regulate the expression of functional
genes mediating drought and salinity tolerance to produce novel
soybean genotypes with superior traits (Zhang Y.Z., et al., 2022).

2.2 Enhance disease and insect resistance
in soybean

Tobacco ringspot virus, soybean dwarf virus, soybean vein
necrosis virus, soybean mosaic virus (SMV), bean pod mottle
virus, and alfalfa mosaic virus are only a few of the viruses that
can infect soybean (Liu et al., 2016; Widyasari et al., 2020; Lin et al.,
2022). Multiple viruses can simultaneously infect soybean plants,
causing more harm than an infection by a single virus. Hence, the
use of gene editing tools to target genes that control soybean disease
resistance and improve disease resistance-related traits has become
a major objective in soybean molecular breeding programs (Chang
et al.,, 2016; Chandra et al., 2022; Zhao et al., 2023).

Several non-homologous end-joining and homology directed
repair-mediated gene replacement mutants were produced by Fang
etal. (2015), who targeted the soybean blast fungal pathogenicity gene
Avr4/6. These mutants were more resistant to diseases caused by
oomycetes than the controls (Fang and Tyler, 2016). Ochola et al.
(2020) edited the usual effector genes of the soybean root pathogen
Phytophthora sojae. They observed that disease resistance was
affected by the Avr gene expression level in soybean (Ochola et al,
2020). In 2020, Ma et al. confirmed that GmLMM?2 deficiencies
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increased the resistance to P. sojae by increasing tetrapyrrole
biosynthesis, but decreased the chlorophyll content by disrupting
tetrapyrrole biosynthesis. The elimination of GmLMM?2 expression
resulted in the appearance of necrotic regions in the growing leaves of
the CRISPR/Cas9-edited mutants (Ma et al., 2020). Zhang P.P, et al.
(2020) targeted GmF3HI, GmF3H2, and GmFNSII-1 in soybean
plants (including the hairy roots) using a CRISPR/Cas9-mediated
multiple gene editing system. They detected a significant increase in
the isoflavone content and a significant decrease in the SMV coat
protein content (approximately 33% decrease) in the mutants,
indicating that the increased isoflavone content enhanced the leaf
resistance to SMV (Zhang PP, et al., 2020). Three crucial genes in the
soybean Rsc4 gene family (Rsc4-1, Rsc4-2, and Rsc4-3) were modified
by CRISPR/Cas9 in 2021 to alter soybean resistance to SMV (Yin
et al, 2021). To investigate the effector gene Avr1b-1 in the soybean
pathogen Blastomyces in terms of its function as well as the
underlying mechanism. Gu et al. (2021) created target locus-
specific knockout and knock-in mutants. All selected knockout
mutants were virulent on plants expressing Rpslb, whereas the
infection of plants lacking RpsIb was unaffected. When a sgRNA-
resistant variant of Avr1b-1 was re-introduced into the Avr1b-1 locus
of the mutants in which Avr1b was knocked out, the resulting knock-
in transformants expressing Avrlb-1 were unable to infect soybean
plants carrying RpsIb (Gu et al., 2021). Compared with the RNAi and
over-expression strains, the soybean plants in which GmDRRI was
knocked down (in 2022) were considerably less resistant to
Blastomyces infections (Yu et al, 2022). By altering the coding
region of the soybean transcription factor gene GmTCPI9L, Fan
et al. (2022) produced a mutant with a 2 bp deletion. This mutant
soybean germplasm resource exhibited increased susceptibility to
blast molds (Fan et al., 2022).

Plants that are resistant to Rps gene products can perceive
certain pathogen effectors encoded by Avr genes. By deleting
Avrd45a, Arsenault-Labrecque et al. (2022) produced novel
soybean plants resistant to Rps8 (Arsenault-Labrecque et al,
2022). In 2022, Zhang et al. identified Glyma.07g110300
(LOC100775351) as a quantitative trait locus (QTL)-M marker
gene encoding the UDP-glycosyltransferase (UGT) primarily
responsible for soybean resistance to leaf-chewing insects. Using a
CRISPR/Cas9 system, they enhanced the resistance of soybean to
Helicoverpa armigera and Spodoptera litura via the following two
mutation types: large fragment deletion and single base insertion.
Zhang Y.X,, et al. (2022) confirmed that GmUGT confers resistance
to leaf-chewing insects by changing the flavonoid content and the
expression of genes related to flavonoid biosynthesis and defense
(Zhang Y.X., et al, 2022). By editing the soybean 14-3-3 gene
(Glyma05¢29080) via large fragment insertions and deletions and
producing transgenic plants with increased susceptibility to hard
tick infestations and decreased nodulation, Zhang Y.F., et al. (2023)
showed Glyma05g29080 contributes to nodulation and defense
responses (Zhang Y.F., et al, 2023). Using a CRISPR/Cas9 gene
editing method, Liu et al. (2023b) silenced GmTAPI in soybean,
which resulted in increased resistance to P. sojae strains P231, P233,
and P234. An analysis of reactive oxygen species revealed that a
loss-of-function mutation to GmTAPI does not substantially alter
plant basal immunity (Liu T.F,, et al., 2023).
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The soybean cyst nematode (SCN) is responsible for the
soybean disease associated with the largest economic losses (Bent,
2022). By altering two functional genes (Glyma.12G194800 and
Glyma.16G154200) in the syntaxin family of SCN resistance genes,
Dong et al. (2020) produced SCN-resistant soybean cultivars (Dong
et al., 2020). In 2021, Butler et al. demonstrated that
Glyma.15G191200 of cqSCN-006, which encodes gamma-SNAP,
influences SCN resistance. Additionally, using CRISPR/Cas9 gene
editing technology to disrupt the cqSCN-006 allele decreased the
SCN resistance of the transgenic roots (Butler et al., 2021). In 2022,
Zhang et al. mutated Glyma.07¢110300 by introducing a CRISPR/
Cas9 expression vector into the Tianlong 1 soybean variety to
increase the resistance to S. litura and H. armigera (Zhang Y.X,,
et al., 2022).

2.3 Improvement of seed quality
in soybean

Soybean is used as a source of food for animals, including
humans (Medic et al., 2014). It has the highest protein content of
any crop and is a significant source of edible oils (Gupta and
Manjaya, 2022; Zaaboul et al., 2022; Song et al., 2023). In the past
few years, several studies have employed CRISPR/Cas9 gene editing
technology to enhance the protein and oleic acid contents
of soybean.

Using germinal root transformation technology, Li et al. altered
the soybean seed storage protein-encoding genes Glyma.20g148400,
Glyma.03¢g163500, and Glyma.19¢164900 to increase soybean seed
protein contents (Li et al., 2019a). By simultaneously modifying the
soybean genes GmFAD2-1A and GmFAD2-1B, Do et al. (2019)
managed to increase the oleic acid content by more than 80%, while
also decreasing the linoleic acid level by 1.3%-1.7% (Do et al., 2019).
Zhang et al. (2019) silenced the soybean phospholipase DI-
encoding gene, which increased the oil content and germination
rate of the mutant seeds (compared with the wild-type seeds) at
high temperatures and high humidity levels (Zhang et al., 2019). In
2021, Qu et al. analyzed the oleic acid contents of soybean plants
over-expressing GmI15G117700 and soybean plants in which the
gene was edited; the oleic acid content increased in the gene-edited
plants by 3.49% (Qu et al., 2021). Zhou et al. (2023a) recently edited
five important enzyme-encoding genes in the GmFAD2 family and
analyzed the associated effects on soybean oil synthesis. Editing
GmFAD2-1A increased the oleic acid content by 91.49% (Zhou
et al,, 2023a). In another recent study, Li et al. (2023) edited two
target genes by altering the conserved PAP2 structural domain-
encoding sequences of GmPDCTI and GmPDCT2. The decrease in
phosphatidylcholine-derived diacylglycerol contents via the
knockdown of GmPDCT prevented the entry of
phosphatidylcholine-modified polyunsaturated fatty acids into the
triacylglycerol biosynthesis pathway (Li et al., 2023b).

In addition to increasing the protein and oleic acid contents,
researchers have attempted to enhance other soybean
characteristics. Phytic acid (PA) is an anti-nutrient in grains that
prevents humans from absorbing trace minerals (e.g., iron and

zinc). In soybean, GmIPKI encodes an enzyme that converts
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inositol 1,3,4,5,6-pentaphosphate to inositol 1,2,3,4,5,6-
hexaphosphate (Alkarawi and Zotz, 2014; Sarkhel and Roy, 2022).
Using the CRISPR/Cas9 system, Song et al. (2022) edited the
GmIPKI gene and sgRNA to introduce mutations to create
soybean lines with low PA levels. The decreased PA levels in the
T, generation mutant seeds were not accompanied by defective
growth or seed development (Song et al., 2022).

Flavor is an important soybean quality-related attribute.
Accordingly, CRISPR/Cas9 technology has been exploited to
develop soybean germplasm with superior flavor-related traits
(Fernandez-Marin et al, 2014). Because soybean proteins are
allergens, decreasing the abundance of allergenic proteins will
likely increase the utility of soybean as a source of protein (e.g., in
processed food) (Cordle, 2004; L'Hocine and Boye, 2007;
Gharibzahedi et al, 2022; Gracio et al, 2023). In 2020, Sugano
et al. simultaneously targeted and edited GmBd28k and GmBd30K
to eliminate two allergenic proteins in the Japanese soybean
cultivars Enrei and Kariyutaka (Sugano et al., 2020). Soybean
flavor and quality are influenced by three lipoxygenases (LOXI1,
LOX2, and LOX3). By editing three genes in the soybean GmLox
family (GmLoxI, GmLox2, and GmLox3), Wang J., et al. (2020)
improved the edibility of soybean oil and protein products. Editing
these genes decreased soybean odors (Wang J., et al., 2020). The
raffinose oligosaccharide (RFO) family members are the main
soluble carbohydrates in soybean seeds, but they are anti-
nutritional seed components because they typically cause gas and
indigestion, while also decreasing energy efficiency (Salvi et al,
2022).1In 2021, Le et al. decreased the soybean seed RFO content by
knocking down two galactinol synthase-encoding genes, namely
GmGOLSIA and its homolog GmGOLSIB (Le et al, 2020). To
decrease the RFO content in mature seeds, Cao et al. (2022) used a
CRISPR/Cas9 multi-gene editing method to delete the RS2 and RS3
genes in soybean and cottonseed (Cao et al, 2022). Qian et al
(2022) mutated GmBADH?2 and confirmed this gene contributes to
soybean odors (Qian et al.,, 2022). In addition, Bai et al. (2022) used
CRISPR/Cas9 gene editing technology to produce two multi-gene
mutants, one lacking the 7S subunit and the other lacking the 118
subunit. Both of these mutations enhanced the flavor of soybean
meal (Bai et al., 2022).

2.4 Improvement of phenotype in soybean

One of the key factors influencing the development of high-
yielding soybean cultivars is the appropriate regulation of plant
structural features (e.g., plant height, number of nodes, number of
pods, internode length, number of branches, and number of grains)
(Hu and Wiatrak, 2012; Kuzbakova et al., 2022). In recent years,
soybean phenotype-related genes have been edited using CRISPR/
Cas9 gene editing technology to produce soybean germplasm with a
variety of improved features.

Using the CRISPR/Cas9 system, Bao et al. (2019) mutated four
SPLY family genes that encode SQUAMOSA promoter-binding
protein-like (SPL) transcription factors. The higher-order mutant
plants with different combinations of mutations had more nodes
and branches on the main stem (compared with the control plants),
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resulting in varying numbers of nodes per plant (Bao et al., 2019). In
2019, Cheng et al. used four gRNAs to alter four late elongated
hypocotyl (LHY)-encoding GmLHY genes in soybean. Phenotypic
analyses showed that the quadruple mutant plants had relatively
short internodes and exhibited dwarfism (Cheng et al., 2019). In the
Tianlong 9 variety, Jia et al. (2020) knocked out two copies of the
soybean DCL2 gene, which altered the color of the soybean seed
coat from yellow to brown (Jia et al., 2020). To increase soybean
production, Cai et al. (2021) modified the low-latitude spring
soybean variety Huachun 6 using a CRISPR/Cas9 multi-gene
editing technique. Specifically, they targeted GmJAG, which affects
the number of seeds per pod (Cai et al., 2021). In 2022, Mu et al.
targeted six GmBIC genes in soybean using CRISPR/Cas9
technology. The single, double, and quadruple mutants were
shorter than normal (Mu et al, 2022). In another recent study,
Zhong et al. (2022) edited the soybean GmHdz4 gene, which
increased the total root length, root surface area, and number of
root tips (compared with the mutant lines over-expressing
GmHdz4) (Zhong et al,, 2022). Furthermore, Zhang Z. et al.
(2023) silenced the soybean GmNSS gene, which resulted in the
production of abnormally small seeds. (Zhang Z. et al., 2023).

Abscisic acid is an essential phytohormone that controls various
processes related to plant growth, development, and stress
responses (Nguyen et al, 2023). Using a CRISPR/Cas9 system,
Zhang 7. H. et al. (2022) mutated GmPYL17, GmPYLI8, and
GmPYL19. Compared with the wild-type plants, the mutants were
taller, had more branches, and were less sensitive to abscisic acid
during the seed germination stage (Zhang Z. H. et al,, 2022).

The shattering of soybean pods can significantly decrease yield.
By altering the GmPDH gene family in soybean variety Huachun 6,
Zhang Z. et al. (2022) showed that the PDHI mutation dramatically
increases pod shatter resistance without modifying other important
agronomic parameters (Zhang Z. et al., 2022).

2.5 Regulation of nitrogen fixation
by nodules

Rhizobia can produce a symbiotic nitrogen-fixation system with
legumes that increases plant output without damaging the local
ecosystem (Chakraborty et al., 2022; Hawkins and Oresnik, 2022).
More than 65% of the nitrogen fixation is due to the symbiotic
interaction between rhizobia and legumes (Fields et al., 2021;
Jimenez-Guerrero et al., 2022). Soybean converts free nitrogen in
the air to chemosynthetic nitrogen that can be absorbed and used by
the plant via nitrogen-fixing nodules. This process yields soybean
seeds with a high protein content, thereby increasing the nutritional
value of soybean (Dadnia, 2011; Meng et al., 2015; Igiehon
et al., 2021).

Xu et al. (2021) promoted soybean nodulation by using
CRISPR/Cas9 technology to knock down miR9¢ (Xu et al., 2021).
By deleting the soybean RFGI193 gene, Fan et al. (2020) generated
transgenic plants with mature nitrogen-fixing nodules on purple or
red roots, which produced anthocyanins, whereas nodules were
undetectable on the non-transgenic roots (Fan et al., 2020). In 2021,
Yang et al. reported that a loss-of-function mutation to GmHSP17.9
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significantly affects soybean plant growth and seed yield through the
associated changes to the number of root nodules, nodule fresh
weight, nitrogenase activity, poly-hydroxybutyrate vesicles, and
urea and total nitrogen contents (Yang Z.W., et al., 2022).
Nguyen et al. (2021) silenced GmUOX in a soybean mutant,
which exhibited nitrogen deficit atrophy and early nodule
senescence as revealed by decreased nitrogenase (acetylene
reduction) activities in the nodules, a greenish-white hue inside
the nodules, and a decreased root protein output (Nguyen et al.,
2021). Gao et al. (2021) investigated the role of the PIN protein
during the nitrogen fixation by soybean nodules. More specifically,
they produced a triple mutant (GmPINI-abc family) (Gao et al,
2021). The modification of the soybean Rfgl allele by Fan et al.
(2022) revealed Rfgl mediates the resistance to Sinorhizobium fredii
and Bradyrhizobium japonicum strains, leading to broad-spectrum
resistance to nodulation in transgenic plants (Fan et al., 2017). After
knocking down GmNNI, Li et al. (2022) detected yellowing leaves as
well as decreased nitrogen contents and decreased nodulation
(compared with the wild-type control plants) (Li et al., 2022). By
silencing GmNAC039 and GmNAC018 as well as the four target
genes GmCYP35, GmCYP37, GmCYP39, and GmCYP4, Yu et al.
(2023) showed that the transcription factors encoded by
GmNAC039 and GmNACO0I8 directly increase the expression of
GmCYP genes to induce root tumor senescence (Yu et al.,, 2023).

2.6 Regulation of flowering time
in soybean

Because soybean is a short-day (SD) plant, it blooms more
quickly during SD conditions than during long-day (LD) conditions
(Weller and Ortega, 2015; Lin et al.,, 2021; Xia et al., 2021).
Modulating the blooming time and minimizing the sensitivity to
sunshine duration through molecular breeding can increase
soybean adaptability and production by mitigating photoperiodic
responses (Zhang L.X. et al, 2020; Zhang M. et al, 2022; Du
et al., 2023).

Cai et al. (2018a) edited the soybean genes GmFT2a and
GmFT9a and discovered that both mutants in the T, generation
exhibited a late-blooming phenotype (Cai et al., 2018a). Using a
double sgRNA design and CRISPR/Cas9 technology, Cai et al.
(2018b) deleted specific DNA fragments in GmFT2a
(Glymal6g26660) and GmFT5a (Glymal6g04830). The
homozygous GmFT2a mutants (1,618 bp deletion) in the T,
generation flowered late (Cai et al., 2018b). Two QTL regions that
respectively included GmFT2a and GmFT5a were identified by Cai
et al. (2020b). They were linked to various genetic effects on
flowering during various photoperiods. Under LD and SD
conditions, the flowering times of transgenic plants over-
expressing GmFT2a or GmFT5a, GmFT2a mutants, GmFT5a
mutants, and GmFT2a and GmFT5a double mutants were
examined. There was no overlap between GmFT2a and GmFT5a,
which cooperatively control the blooming time, but GmFT2a has a
greater effect than GmFT5a under SD conditions, while GmFT5a
has a greater effect than GmFT2a under LD conditions (Cai et al.,
2020a). Wang L. W. et al. (2020) mapped QTLs and identified
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GmPRR37 as a functional gene encoding a regulator of soybean
flowering. A natural mutation to GmPRR37 results in early
flowering, thereby enabling the cultivation of soybean plants at
high latitudes (Wang L. W., et al, 2020). Li et al. (2020) used
CRISPR/Cas9 technology to knock out GmPRR3b. The resulting
soybean mutant exhibited retarded growth and a delayed transition
to the flowering stage (Li et al., 2020). In 2020, Chen et al. modified
the soybean GmAPI gene in a quadruple mutant. The observed
increase in plant height was associated with delayed flowering,
altered flower shapes, and increases in the number of nodes and the
internode length. In contrast, under SD conditions, the over-
expression of GmAPI led to early flowering and dwarfism (Chen
etal,, 2020). Lietal. (2021) edited four LNK2 genes using a CRISPR/
Cas9 system to produce a quadruple mutant lacking transgenes.
This mutant flowered earlier than the wild-type control under LD
conditions. In addition, the LNK2 transcript level was lower in the
quadruple mutant than in the wild-type plants (Li et al., 2021). Zhao
et al. (2022) mutated GmPHYA or GmPHYB using CRISPR/Cas9
technology. The phenotypic changes due to the mutations to
GmPHYA2 and GmPHYA3, which have redundant and additive
roles in seedling responses to daylight, indicated GmPHYBI is
primarily responsible for daylight-induced photomorphogenesis
(Zhao et al, 2022). In 2022, Zhai et al. suggested that GmMDE
and GmFT2a/GmFT5a contribute to a positive feedback regulatory
loop that promotes flowering in soybean. Knocking down the
soybean EI gene induces GmMDE expression. Moreover, the
over-expression of GmMDEO6 increases the expression of
GmFT2a and GmFT5a, which regulate flowering (Zhai et al.,
2022). In 2023, Wan et al. investigated the relationship between
the dominant EI gene and photoperiodic regulation via the
CRISPR/Cas9-mediated targeted mutation of EI in soybean
variety Tianlong 1. Four mutations were introduced into the EI
coding region. The significant structural changes in the generated
mutants included the commencement of terminal flowering, the
creation of distinct stems, and a decrease in the number of branches
(Wan et al., 2022).

2.7 Creation of male sterile soybean
germplasm resources

Because soybean is a self-pollinated plant that has small flower
organs, artificial cross-breeding is both difficult and ineffective (Li
et al.,, 2019b; Chen G. M., et al., 2021). Furthermore, differences in
flowering times among varieties originating from various
geographical regions frequently further restrict the exchange of
genes, resulting in a limited genetic base for soybean breeding and
genetic modifications (Li et al., 2019b). Accordingly, methods for
increasing the genetic diversity of soybean varieties are needed
(Bohra et al., 2016). In particular, for sexually reproducing crops,
male sterility is a crucial precondition for hybrid seed generation
and crop reproduction (Jiang et al., 2011; Yang et al., 2014). Male
sterile lines can increase the quality of hybrids, lower the cost of
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hybrid seed production, and even broaden the utility of hybrids.
The scarcity of adequate male sterile lines has limited the
commercial use of soybean accessions (Li et al., 2016; Ramlal
et al,, 2022).

To create stable male sterile soybean lines, Chen et al. (2021)
targeted AMS homologs using CRISPR/Cas9 technology. Although
editing GmAMS2 failed to produce a male sterile line, editing
GmAMSI yielded plants with a male sterile phenotype. GmAMSI
contributes to the development of pollen walls as well as the
regulation of soybean tapetum degeneration (Chen et al., 2021a).
Jiang et al. (2021) modified Glyma.13G114200 using a CRISPR/
Cas9 system; the phenotypes of two gene-edited lines were
consistent with the male sterility of the MSI mutant (Jiang et al.,
2021). By eliminating GmSPL2b, Ding et al. (2023) decreased the
heat tolerance of a soybean cytoplasmic male sterility-based
recovery line during flowering (Ding et al., 2023).

2.8 Application of other CRISPR gene
editing technology in soybean

Compared with Cas9, the CRISPR family member Casl2a is
more practical and effective. Hence, CRISPR/Cas12a can effectively
edit multiple genes because of the specific way that CRISPR RNA
(crRNA) functions (Bandyopadhyay et al., 2020; Paul and Montoya,
2020; Zhou et al,, 2023b). In 2017, Jiang et al. used CRISPR/Cas12a
to achieve editing in the soybean FAD2 gene for the first time (Jiang
et al, 2017). In addition, large chromosomal segments of the target
genome were deleted by Duan et al. (2021) using CRISPR/Cas12a,
with an editing efficiency of 91.7% (Duan et al, 2021). In 2023,
Liang et al. produced CRISPR/Casl2a-edited soybeans in just 45
days, with transformation and gene editing efficiencies of 30% and
50%, respectively (Liang et al., 2023). To produce gene-edited
soybeans with better traits, CRISPR/Casl2a-based multi-gene
editing methods will increasingly be used to modify the
soybean genome.

Because they enable the replacement of a single base via RNA
editing without introducing DNA double-strand breaks or requiring
donor templates, base editor tools created using the CRISPR/Cas9
system are especially useful for plant molecular breeding (Molla et al.,
20215 Yang et al,, 20215 Hua et al, 2022). A CRISPR/Cas9-mediated
base editing tool was designed by Cai et al. (2020a) to alter individual
bases in the soybean genome. A base editor was developed by
combining Cas9n (D10A), rat cytosine deaminase (APOBEC1), and
a uracil glycosylase inhibitor. This base editor was then cloned into the
pTF101.1 vector. The targeted genes were GmFT2a and GmFT4a,
which were under the control of the 2x CaMV 35S promoter. There
were two types of base substitutions (C to T and C to G), both of which
occurred within the target sequence (Cai et al, 2020a). Single
nucleotide polymorphisms, which influence phenotypic diversity and
are linked to many significant agronomic parameters, are abundant in
the soybean genome. Future genetic improvement and breeding of
soybean can greatly benefit from the application of base editing
technology (Bharat et al., 2020; Xu R. F,, et al,, 2020).
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3 Discussion and prospect

Because of increases in the global population and living
standards, CRISPR/Cas9 technology must be exploited to quickly
develop high-yielding, high-quality soybean varieties (Khan et al.,
2018; Zhang and Showalter, 2020). Field tests of high-oleic soybean
varieties produced using CRISPR/Cas9 gene editing technology in
the US have produced positive results, with potential implications
for soybean molecular breeding. There have been considerable
advances in the molecular breeding of soybean since the
development of CRISPR/Cas9 gene editing technology, which has
decreased concerns about the safety of products made from
genetically modified soybeans, leading to the gradual acceptance
of genetically modified crops. The CRISPR/Cas9 system, which
continues to be refined and enhanced, has largely outperformed the
older technologies involving zinc finger nucleases and transcription
activator-like effector nucleases in terms of gene editing efficiency
and convenience (Samanta et al., 2016; Demirci et al., 2018; Farooq
etal,, 2018). Researchers will use CRISPR/Cas9 gene editing systems
to develop soybean lines with improved features as more functional
soybean genes are identified and characterized.

However, there are certain limitations to the utility of CRISPR/
Cas9 for soybean breeding. Unanswered questions include the
following: (i) How can genome editing tools be efficiently
delivered to soybean plants? (ii) How can the functional
redundancy in gene families be rapidly and precisely determined?
(iii) How can the editing of multiple genes be exploited to modify
various traits? (iv) How can base editing, prime editing, and
government regulations regarding genome-edited crops further
increase the effectiveness of gene editing? Despite encouraging
results, many obstacles must be overcome before CRISPR/Cas9
can be widely used for soybean breeding.

Additionally, numerous sgRNAs for different plant genomes have
been assembled into CRISPR editing vectors. Moreover, sgRNA
pooling techniques have made it possible to mutate multiple genes.
The diversity in the sequences that PAM can detect has increased,
leading to improved gene editing, because of the creation of Cas9
homologs, such as StCas9 and SaCas9, for plant molecular breeding.
The highly efficient editing of plant genomes has been achieved using
the nCas9-mediated single-base editing system, while the saturation
mutagenesis of plant genomes and optimal gene editing efficiencies
have been attained via the two-base editing method. The CRISPR/Cas9
gene editing method will be applied to soybean molecular breeding
more effectively, conveniently, and broadly in the future, thereby
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Introduction: Although pulses are nutritious foods containing high amounts of
protein, fiber and phytochemicals, their consumption and use in the food industry
have been limited due to the formation of unappealing flavors/aromas described as
beany, green, and grassy. Lipoxygenase (LOX) enzymes are prevalent among pulse
seeds, and their activity can lead to the formation of specific volatile organic
compounds (VOCs) from certain polyunsaturated fatty acids (PUFAs). As a
widespread issue in legumes, including soybean, these VOCs have been linked to
certain unappealing taste perception of foods containing processed pulse seeds.

Methods: To address this problem in pea and as proof of principle to promote
the wider use of pulses, a Clustered Regularly Interspaced Short Palindromic
Repeats (CRISPR) construct was designed to create null alleles (knockouts) of
PsLOX2 which had been implicated in the generation of VOCs in peas.

Results and discussion: Successful CRISPR/Cas9-mediated LOX gene editing of
stable transgenic pea lines (TGP) was confirmed by DNA sequencing of the wild
type (WT) and TGP pslox2 mutant lines. These lines were also assessed for LOX
activity, PUFA levels, and VOCs. Compared to WT peas, the TGP lines showed a
significant reduction (p < 0.05) in LOX activity and in the concentration of key
VOCs, including hexanal, 2-hexenal, heptanal, (E)-2-heptenal, (E,E)-2,4-
heptadienal, 1-octen-3-ol, octanal, (E)-2-octenal (E,E)-2,4-nonadienal and
furan-2-pentyl. The content of two essential PUFAs, linoleic and a-linolenic
acids, the known substrates of LOX in plants, was higher in TGP flours, indicating
the efficacy of the CRISPR-mediated gene editing in minimizing their oxidation
and the further modification of PUFAs and their products. The collection of VOCs
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from the headspace of ground pea seeds, using a portable eNose also
distinguished the TGP and WT lines. Multiple regression analysis showed that
LOX activity correlated with the two VOCs, heptanal and (E,E)-2,4-heptadienal in
pea flours. Partial Least Squares Regression (PLS-R) plot for selected PUFAs,
VOCs, and sensor responses in WT and TGP lines showed distinct clusters for WT
and TGP lines. Together this data demonstrates the utility of CRISPR mediated
mutagenesis of PsLOX2 to quickly improve aroma and fatty acid (FA) profiles of
pea seeds of an elite Canadian variety.

KEYWORDS

pea, gene-editing, CRISPR/Cas9, lipoxygenase, fatty acids, aroma, flavor

1 Introduction

Canadian pea production for 2020 was 4.6 million tonnes
accounting for nearly one-third (31%) of the total global
production, followed by Russia and China (FAOSTAT, 2020).
Yellow pea is one of the key pulses grown in Western Canada and
elsewhere with considerable interest from the food industry.
Although an excellent source of protein, in common with other
legumes, yellow pea products face sensory challenges relating to
their acceptability and stability over time. A major contributor to
these challenges is a group of volatile organic compounds
(VOCs) generated from both enzymatic and non-enzymatic
chemical reactions during thermal processing which give pulse
products unpleasant aromas (e.g., beany, green, grassy) and off-
flavors (Ma et al., 2015). The enzymes that generate VOCs in
peas and other pulses are lipoxygenases (LOX) - and alcohol
oxidoreductases - that convert the polyunsaturated fatty acids
(PUFAs), linoleic and o.-linolenic acids, to aldehydes and a range
of alcohols (Jelen and Wasowicz, 2011).

In recent years, it has been demonstrated that even partial
deactivation of LOX activity using heat treatments such as
micronization (Shariati-Tevari et al., 2016) and RevTech (RT), a
patented heat treatment and pasteurization process (Fahmi et al.,
2019), was successful in minimizing the generation of the key VOCs
responsible for off-aroma and flavors of cooked legume flours
(lentils, chickpeas, red beans, and yellow peas). A significant
decrease in LOX activity in split yellow pea flours has also been
reported when treated with RevTech at 140°C with 10% steam
(RT10%) and bread samples fortified with the treated split yellow
pea flour were more acceptable when compared to bread with
untreated pea flour or pea flour with RT at 140°C without steam
(RT0%) (Fahmi et al., 2019). These results suggested that the total
or partial inactivation of LOX enzymes in RT10% pea flours was key
to the consumer acceptability results observed. The data generated
suggest that the thermostability of the enzyme varied significantly
depending on the product type, heat treatment condition, and
evaluation assays used.

Although processing studies have indicated the effectiveness
of heat in reducing LOX activity in legumes (Smith and Circle,
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1972; Zhu et al., 1996; Zilic et al., 2010; Pathiratne et al., 2015)
pea germplasm resources and mutant materials with contrasting
low and high LOX activity are limited, and no elite materials with
low LOX and volatile profiles exist. A natural LOX2 mutant was
identified in a wild pea (Pisum fulvum), following a screen of
diverse Pisum germplasm, and the mutant phenotype was
introduced into the P. sativum cv. Birte by repeated
backcrossing (Forster et al., 1999). However, this cultivar is
not generally suitable agronomically for cultivation as a low
LOX pea variety. Traditional breeding methods using this
mutation entail repeated crossing, genotyping, and
phenotyping, which are long and expensive processes to create
an elite pea variety with low LOX activity and an improved flavor
profile through hybridization.

In contrast, genome editing allows for the regular generation of
mutations at preselected genomic loci in plants and could be used to
facilitate the improvement of the flavor profile in seeds. In this
work, we planned to generate null alleles (knockouts) for the most
relevant LOX isoform in pea (Forster et al.,, 1999) using CRISPR
constructs and transformation of elite yellow pea lines. Recent
advancements in the deployment of CRISPR/Cas9 for genome
editing in legumes was reviewed by Bhowmik et al. (2021).
Soybean was the first legume crop targeted for genome editing
with CRISPR/Cas technology. Several endogenous soybean genes
(GmLOX1, GmLOX2, GmLOX3, GmFT2, GmEl, GmFEI2, and
GmSHR) have been edited using the CRISPR/Cas9 method for
improving traits such as beany flavor, flowering time, nodulation,
and abiotic stress tolerance (Cai et al., 2018; Han et al.,, 2019; Wang
et al., 2020). CRISPR/Cas9-mediated gene editing has also been
successfully used in cowpea (Ji et al., 2019) and chickpeas (Badhan
et al., 2021) for enhancing symbiotic nitrogen fixation and drought
stress tolerance. These examples suggest that application of the
CRISPR/Cas9 system for editing LOX gene(s) in elite yellow pea
lines could provide improvement of the flavor profile in seeds as an
alternative and sustainable approach to thermal treatment.

Therefore, the objectives of this study were two-fold: 1) To
generate knockout LOX transgenic peas using a gene editing
approach; and 2) To investigate the efficacy of this approach on
improving the flavor profile of the transgenic peas.
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2 Results

2.1 Generation of pslox2 mutants and
genotyping mutant lines

PsLOX2 was amplified from the pea cultivar CDC Spectrum
(Warkentin et al., 2017) and analyzed using the web application
CCTop (https://crispr.cos.uni-heidelberg.de; Stemmer et al., 2015)
to design gRNAs. The five gRNA sequences with the highest
CRISPRater scores (Labuhn et al.,, 2018) located in the first three
exons of PsSLOX2 (Figure 1A) were selected. The cleavage ability of
the gRNA candidate sequences was assessed with an in vitro Cas9
cleavage assay (Figure 1B). In this assay gRNAs 1 and 5 showed the
greatest activity, cleaving almost all of the cleavage template. gRNAs
2, 3, and 4 were also able to cleave the template but to a lesser extent
than gRNA 1 or 5. To maximize the probability of an edit we
planned to express three gRNAs under the control of a single
cauliflower mosaic virus 35S (35S) promoter using a tRNA-gRNA
array (Xie et al,, 2015). gRNAs 1, 3, and 5 were selected for cloning.
However, we were unable to clone a single gRNA expression
cassette expressing all three gRNAs. Instead, we were successful in
producing a cassette containing only gRNAs 1 and 3. To expedite
this project the gRNA expression cassette containing only gRNA1
and 3 was added to a binary vector which expressed Cas9 under the
35S promoter creating the PsLOX2 CRISPR vector.

It takes 6-8 months to generate stable transgenic pea lines,
making it time consuming to test CRISPR vectors in stable
transgenic peas. To save substantial amounts of time and
resources we assessed the in planta efficacy of the PsLOX2
CRISPR vector using mesophyll protoplasts transfection (Pandey
et al., 2022) before initiating stable transformation experiments.
Protoplasts were generated from pea leaves and transfected with the
PsLOX2 vector. The PsLOX2 target locus was PCR amplified from
the transfected protoplasts and Sanger sequenced. Mixed signals in
the sequencing chromatograms at the double stranded break (DSB)
site of gRNA3 were interpreted as evidence of editing in the
transfected protoplasts (Figure 1C). Based on this evidence, the
PsLOX2 CRISPR vector was transformed into the Agrobacterium
tumefaciens strain EHA105 and putative pea transformants were
regenerated (Figure 2).

A total of 19 plants were brought out of tissue culture, 17 of
which were found to be transgenic. The gRNA1 and gRNA3 sites of
PsLOX2 were PCR amplified and analyzed for evidence of mutation
using Sanger sequencing (Table 1; Figure 3). The resulting
chromatograms were analyzed using Inference of CRISPR Edits
analysis (ICE; https://ice.synthego.com/#/; Conant et al., 2022). Five
lines (3, 4, 5, 14, and 17) showed secondary signals in their
chromatograms at the DSB site of gRNA3 suggesting the presence
of mutant alleles. ICE analysis determined that lines 3, 4, and 5 are
heterozygous with a wild-type allele and a mutant allele with a 1 bp
deletion at the gRNA3 site. The small secondary peak in the
chromatogram of line 14 was not detected as a potential indel in
the ICE analysis suggesting that potential mutant cells in this line
are in the extreme minority. Interestingly, line 17 produced a
secondary peak starting downstream of gRNA3 but did not
extend for the entire length of the chromatogram (Figure 3). The
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ICE analysis of the target locus in line 17 detected a 44 bp deletion
in 58% of indels and wild-type sequences in 30% of indels (the
remaining 10% and 2% of indels were 14 and 16 bp deletions,
respectively). This suggests that line 17 is heterozygous with one
allele containing a large deletion of 44 bp at the gRNA3 site which
explains why the double peak in the sequencing chromatogram is
unable to extend to the full length of the wild-type allele’s
sequencing chromatogram.

To obtain homozygous mutant lines, three T, lines (3, 4, and
17) which displayed strong evidence of mutation were advanced in
the greenhouse to produce T, plants (Figure 2E). Genomic DNA
was extracted from the resulting T, plants and analyzed as described
for the T, lines (Table 2; Figure 4). All T, plants analyzed were
transgenic. Two homozygous mutant T, plants were identified in
lines 3 and 4, all of which contained the same T deletion at the
gRNA3 DSB site (Figure 4A). It is not uncommon for independent
Cas9 cleavage events to result in the same indel mutations in
independent transgenic lines (Bertier et al., 2018). Lines 3-4 and
4-3 were determined to be heterozygous containing a wild-type
allele and T deletion allele. The identified T deletion causes a
frameshift mutation resulting in an early stop codon after 66
amino acids (aa). PsSLOX2 is normally 863 aa and therefore this T
deletion was assumed to eliminate PsLOX2 activity.

Three T, plants from line 17 were found to be mutants, one of
which was homozygous (Table 2; Figure 4). Line 17-1 was a
homozygous mutant that had a GA deletion at the gRNA1 DSB site
and a 44 bp deletion that completely removed the gRNA3 site. This
GA deletion was not detected in the ICE analysis of the parental T,
line 17. Lines 17-3 and 17-4 had mixed signals in their chromatograms
beginning 26 bp downstream of the gRNA3 DSB site, the same pattern
as their T; progenitor line. ICE analysis also indicated the
predominant indels were 44 bp deletions and wild-type in lines 17-3
and 17-4. The genotypes of line 17’s T, generation show classic 1:2:1
heterozygous Mendelian inheritance. This is strong evidence that the
T, progenitor line was heterozygous with one allele being wild-type
and the other allele containing the mutations identified in line 17-1.
The GA deletion at the gRNALI site causes a frameshift mutation
resulting in an early stop codon which dramatically reduces the size of
the mutant protein to 22 aa, likely abolishing the function of PsSLOX2.

2.2 LOX activity of pslox2 mutant lines

To test the efficacy of the CRISPR gene edited PsLOX2, it was
necessary to measure the LOX activity in the pea plants that have
been edited and compare it to the LOX activity in unedited plants.
Mutant lines 3-3, 3-4 (heterozygous), 3-6, 4-4, 4-5, 17-1, 17-3
(heterozygous), and 17-4 (heterozygous) were re-labelled as
TGP-2 to -9, respectively, for LOX activity analysis (Table 3). In
addition, the determination of the levels of linoleic acid and o-
linolenic acid as the main known substrates of LOX enzymes in
pulse flours, in both the edited and unedited peas was warranted. If
the CRISPR editing of PsSLOX2 was effective in knocking out the
gene, a decrease in LOX activity is expected followed by a significant
increase in the levels of these key substrates. Finally, the
determination of VOCs in the edited and unedited pea plants is
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also critical since these VOCs are directly involved in the generation
of the beany aroma in cooked peas. Therefore, effective CRISPR
editing of the LOX gene in peas would be expected to result in a
significant decrease in beany flavor-related VOCs in the edited
plants. Overall, by measuring the LOX activity, substrates, and

10.3389/fpls.2023.1246905

VOCs in edited and unedited pea plants, the efficacy of the mutant
PsLOX2 lines may be assessed.

The activity of LOX was significantly reduced (P<0.05) in all
transgenic peas (TGP-2 to -9) including the heterozygous lines
(where the WT allele would be expected to be dominant) (Table 3).

’ PsLOX2
Cleavage template - 1,409 bp
CRISPRater Score

gRNA1 CCACAAGATAAGAGGGACAGTGG 0.79
gRNA2 0.81
gRNA3 0.78
gRNA4 0.75
gRNAS  cCG 0.74

B

Predicted fragment 1248 1,170 1,107 1277 1054 1 400
sizes (bp) 161 239 302 132 355 !
c PAM gRNA1

GGGC CA|CAAGATAAGAGGGACAGTGG|TGT TG

Non-transfected /\M\/\A : /\[L/\/V\/\ /\W\{\/\{\

GGCCCCCAAATTAAAAGGNCCANGGGGGTGA

Y Seq |

gRNA3

CTCTTIGATGGCCTTACTGCCTTCTTl‘\GGCC

Non-transfected MMMMMM

ATTCTGAAGGCCCTTATTCCTTCTTAGGCC

Transfected

FIGURE 1

gRNA selection and protoplast assessment of PsLOX2 CRISPR vector. (A) PsLOX2 and location of candidate gRNA sites. Exons are represented by
black boxes, introns are represented by black lines, and gRNA candidate sites are represented by colored lines. (B) In vitro cleavage assay of a PCR
generated PsLOX2 cleavage template incubated with recombinant Cas9 and in vitro transcribed gRNAs. (-) represents a reaction with no gRNA
added. (C) Sanger sequencing chromatograms of the PsLOX2 locus PCR amplified from protoplasts transfected with the PsLOX2 CRISPR vector. The
sequencing reaction occurred from the gRNA3 site to the gRNAL site. The dashed lines represent the location of the DSB of the gRNA sites;

Protospacer adjacent motif (PAM) sites are indicated in pink font.
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FIGURE 2

Agrobacterium mediated pea transformation and plant regeneration. (A) Slices of embryo axes after 4 days of co-cultivation with Agrobacterium. (B) Callus
induction and shoot regeneration. (C) Explants at the end of a shoot induction phase. (D) Rooted putative transformant in soil. (E) Advancing T, PsLOX2

edited pea lines in the green house.

Among the TGP samples, TGP-2 and TGP-7 had the lowest LOX
activity (71.8 U/mg) and TGP-6 had the highest (103.2 U/mg). This
reflects ~58% and ~40% lower activity of LOX compared to WT
samples for TGP-2 and -7, and TGP-6, respectively.

2.3 FA profile of pslox2 mutant lines

It was also important to investigate the effect of this significant
decrease in LOX activity obtained for transgenic pea samples on the
levels of FAs since some essential PUFAs have been previously
identified as substrates of LOX enzymes in various types of pulses
(Murray et al., 1976; Sessa and Rackis, 1977; Lampi et al., 2020). The
FA composition of the WT and transgenic pea flours is shown in
Table 3. All values are reported as a percentage of total FAs detected
using GC-FID. The FA content of the WT peas was composed
primarily of unsaturated fatty acids of which 53.54% were PUFA
and 28.42% were monounsaturated fatty acids (MUFA). Saturated

Frontiers in Plant Science

fatty acids (SFAs) comprised 17.24% of the total lipid content.
Several major FAs were present including linoleic acid (C18:2)
(45.25%), followed by oleic acid (C18:1, 27.83%), palmitic acid
(C16:0, 11.53%), o-linolenic acid (C18:3, 7.74%), and stearic acid
(18:0, 4.05%). The SFA levels were not affected by CRISPR-
mediated changes of PsLOX2 while both PUFAs and MUFAs
were significantly affected in all transgenic peas but only PUFAs
were found at higher percentages in lines TGP-7, -8, and -9
compared to WT peas. Of particular importance, the specific
substrates of LOX enzymes, linoleic acid and o-linolenic acid
were both found at higher concentrations in TGP -7, -8, and -9.
The transgenic peas had a significantly increased range covering
from 8.4 to 11.6% in their linoleic acid content and an increased
range from 2.8 to 11.2% in their o-linolenic acid content. One of the
important indices used for evaluating the nutritional value of
dietary foods, the @-6/w-3 ratio was also reported in Table 3. The
ratio of ®-6/®-3 in WT pea flours was 5.67 and only significantly
increased in TGP-3, -4, and -9 samples by ~11-14%.
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2.4 VOC composition of pslox2
mutant lines

A list of 11 VOC:s collected using SPME extraction is provided
in Table 4. Among these, 10 were significantly decreased in
transgenic pea flours compared to WT pea flour. Identification of
these 11 VOCs was performed by matching the detected mass
spectra and LRI values of the VOCs with the values reported by the
NIST library (2017, version 2.3). The probable origin and sensory
attributes of each compound are also reported for further
confirmation for each VOC. The majority of detected compounds
in these pea extracts were aldehydes and alcohols.

A significant decrease in the concentration of known key VOCs
with unpleasant aromas (i.e., beany, green, grassy) such as hexanal,
2-hexenal, heptanal, (E)-2-heptenal, 1-octen-3-ol, furan-2-pentyl,
(E,E)-2,4-heptadienal, (E)-2 octenal, and (E,E) 2,4-nonadienal was
observed in at least one of the eight transgenic pea samples
presented in our study when compared to WT untreated pea
flour. Across eight of the ten significantly reduced VOCs
(hexanal, 2-hexanal, (E)-2-heptanal, 1-octen-3-ol, furan-2-pentyl,
(E,E)-2,4-heptadienal, (E)-2-octenal, and (E,E)-2,-4-nonadienal)

TABLE 1 Summary of genotyping data for T, pea plants grown in soil.

10.3389/fpls.2023.1246905

the homozygous mutant lines TGP-2, -4, -5, -6, and -7 seem to
have a more severe reduction than the heterozygous mutant lines
TGP-3, -8, and -9. The decrease in the aforementioned VOCs in
transgenic lines is reasonable given the reduction in LOX activity.

A PCA score plot was generated based on all the VOCs collected
from the headspace of WT and transgenic pea samples compared to
a blank (air) (Figure 5). The resulting plot shows a clear separation
of clusters from the blank sample and a separation of the TGP lines
clusters from the WT line cluster. TGP-4 to -9 were further
separated from the TGP-2 and -3 lines. Overall, more than 95%
of the cluster separation was explained by the first two PC axes with
62.10% and 34.85% for PCI and PC2 axes, respectively.

Multiple regression analysis showed that two VOCs, heptanal
and (E,E)-2,4-heptadienal, were mostly correlated with LOX
activity in pea flours. The standardized beta coefficient values that
compare the strength of the effect of individual predictors
(independent variable) to LOX activity in the investigated
model were as follows: 0.946 (p = 0.003) for (E,E)-2,4-
heptadienal; 0.055 (p = 0.003) for heptanal. The stepwise model
was significant (F1,2 = 3376.572, p = 0.003) with the adjusted R
value of 1.00.

Plant ID Transgenic gRNA 1 gRNA 3

1 Yes WwT WT
2 Yes WT WT
3 Yes WT WT and T deletion
4 Yes WT WT and T deletion
5 Yes WT WT and T deletion
6 Yes WT WT
7 No - -
8 Yes WT WT
9 Yes WT WT
10 Yes WT WT
11 Yes WT WT
12 Yes WT WT
13 Yes WT WT
14 Yes WT WT
15 Yes WT WT
16 No - -
17 Yes WT WT and 44 bp deletion
18 Yes WT WT
19 Yes WT WT

WT No WT WT

Genotyping assays were conducted using PCR from the T, plants genomic DNA. Successful PCR using primers specific to neomycin phosphotransferase II, present on the T-DNA, was used to
determine if plants were transgenic. Sanger sequencing of PsSLOX2 PCR products containing gRNA1 and gRNA3 sites was used to detect mutations. A single sequencing reaction reading from the
gRNA3 to gRNALI site was used. ICE analysis was used to determine the alleles present in mutated samples.

“~” indicates that no sequencing reaction was performed as the T plant was not transgenic and therefore could not be mutated.
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PAM gRNA1
GGGCCACAAGATAAGAGGGACAGTGGTGTTG

waspe A A P iy

10.3389/fpls.2023.1246905

gRNA3 | |

CTCTﬂGATGGCCTTACTGCCTfCTThGGCC

oottt ool

GGCCCCCAGATTAGAAGGACCAGGGGGGTGA
)

ML o i

ATTTTGAAGGCCCTTATTCCTT@TTAGGCC

et etV

GGNCCCCAAGTTAAGAGGACCAGGGGGGTGA

I o Moo s

ATTCTGAAGGCCCTTATTCCTTCTTAGGCC

TR e

AGGNCCCCAGGTTAAGAGGNCCAGGGGGGTG

A
I
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A I \
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TN MMMM i
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14}\/\9/\’\ '{\ “ ! Z\H [\ \[y\ /{ )

GGGCCACAAGATATAAGGGACAGGGNGNACA

gRNA3

CTCTTGATGGCCTTACTGCCTTCTTAGGCC

| \y \

ACTCTTbATGGCCTTACTGCCTTCTﬂAGGCCGCAGTGTCTCCCTCCAGCTGATCA
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FIGURE 3

Sequencing data of T; lines which showed evidence of mutation. The PsLOX2 locus was PCR amplified and Sanger sequenced. The sequencing
reaction occurred from the gRNA3Z site to the gRNAL site. The dashed lines represent the location of the DSB of the gRNA sites; Protospacer

adjacent motif (PAM) sites are indicated in pink font.

3 Discussion

LOX activity in yellow peas causes the production of VOCs
from PUFAs which are associated with unpleasant aromas in pea
flour. While other approaches like micronization and RevTech heat
treatment have been demonstrated to diminish the unpleasant
aromas of various pulse flours by totally or partially deactivating
LOX activity (Shariati-Tevari et al., 2016; Fahmi et al., 2021), these
methods lack selectivity and can impact other enzymes in pulse
flours. The utilization of CRISPR/Cas9 technology presents an
excellent option to target PsLOX genes precisely for mutation
thereby reducing LOX activity in pea flour and reducing the
production of undesirable VOCs.

The application of CRISPR/Cas9 as a tool for rapid and efficient
genome modification and accelerated crop improvement has been
successful for soybean genome editing (Cai et al., 2015; Jacobs et al.,
2015; Li et al., 2015; Michno et al., 2015; Sun et al., 2015; Du et al.,
2016; Curtin et al, 2018; Kanazashi et al., 2018). The recently
available sequence of the pea genome (Kreplak et al., 2019) has
provided a valuable tool for reverse genetics approaches such as
CRISPR/Cas9 to realize the agricultural productivity and nutritional
value of this crop. Li et al. (2023) demonstrated CRISPR/Cas9
mutation of phytoene desaturase in peas. However, to the best of our
knowledge, this is the first report of the use of CRISPR/Cas9 to
generate mutant pea lines with improved flavor traits.

Soybean lines with mutations of all three GmLOX isogenes
(GmLOX1/2/3) have been identified (Hildebrand and Hymowitz,
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1982; Kitamura et al., 1983; Davies et al.,, 1987). Lines with
null mutations of GmLOX2 were particularly valuable as
they were determined to have improved flavor in human sensory
tests whereas lines with mutations in GmLOX1/3 did not have
improvments over the wild-type (Davies et al., 1987). Importantly,
disease resistance and seed yield were not negatively impacted by
the GmLOX2 null mutation (Pfeiffer et al., 1992). Similarly, mutants
of pslox2, one of the two seed PsLOX isogenes, had no decrease in
seed weight or field yield despite having reduced VOC levels
(Forster et al., 1999). VOCs have been reported to have roles in a
diverse set of plant metabolic pathways (Vancanneyt et al., 2001).
However, the unique environmental conditions experienced by
soybean and pea LOX mutants in agricultural fields can
potentially explain their ability to combat this deficiency. The
introgression of the identified pslox2 into elite cultivars is possible
but will be a time intensive endeavor. In contrast recreating this trait
in an elite cultivar is an obvious application for CRISPR/Cas9
mutagenesis as a simple single gene knockout can dramatically
improve the flavor of the pea seeds.

To this end, we implemented a previously successful CRISPR/
Cas9 editing system in the elite yellow pea cultivar CDC Spectrum
and successfully generated eight transgenic pslox2 mutant lines.
Confirming significantly decreased LOX activity in pea flours
generated from each of the eight transgenic lines was crucial.
Although all transgenic lines had significantly (p<0.05) lower
LOX activity, TGP-7 had the lowest LOX activity. Previous
studies have demonstrated that heat treatments such as RevTech
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TABLE 2 Summary of genotyping data for T, pea plants.

10.3389/fpls.2023.1246905

T, Line Plant ID Transgenic gRNA1 gRNA3
3-1 Yes WT WT
3-2 Yes WT WT
3-3 Yes WT T deletion
3 3-4 Yes WT WT and T deletion
3-5 Yes WT WT
3-6 Yes WT T deletion
3-7 Yes WT WT
4-1 Yes WT WT
4-2 Yes WT WT
4-3 Yes WT WT and T deletion
! 4-4 Yes WT T deletion
4-5 Yes WT T deletion
4-6 Yes WT WT
17-1 Yes GA deletion 44 bp deletion
17-2 Yes WT WT
17
17-3 Yes WT and GA deletion WT and 44 bp deletion
17-4 Yes WT and GA deletion WT and 44 bp deletion
WT No WT WT

Genotyping assays were conducted as described in Table 2 for T, plants.

at 140°C with 0% and/or 10% moisture were effective means to
decrease LOX activity in yellow peas by 43% and 89%, respectively
(Fahmi et al., 2021). The pslox2 mutants described here had similar
reductions in LOX activity (39.4% to 57.8%) as the RevTech
treatment but required no heating or further processing.

The FA compositions presented in Table 3 are consistent with
those previously reported in different varieties of peas, suggesting
that the major FAs in pea flours are linoleic, oleic, palmitic, and o-
linolenic acid, in decreasing order (Murcia and Rincon, 1992; Grela
and Giinter, 1995; Ryan et al.,, 2007; Villalobos Solis et al., 2013;
Caprioli et al., 2016; Padhi et al., 2017; Khrisanapant et al., 2019;
Fahmi et al., 2021). The overall FA profiles were not affected in
transgenic pea samples. However, some essential PUFAs, linoleic
and o-linolenic acid, were found at higher concentrations in some
transgenic peas (TGP-7, -8, and -9). This is expected as LOX activity
was reduced in the transgenic pea lines due to mutations in PsSLOX2
(Table 3). If this significant increase in the proportion of linoleic
and o-linolenic acid is due to reduced LOX activity, a decrease in
the key known VOCs generated from these PUFAs is to be
expected. In line with this expectation, there were significantly
lower concentrations of 10 out of 11 VOCs in the transgenic peas
(Table 4). The difference among the TGPs tested here might relate
to other interfering co-factors required for LOX activity.

The -6/ -3 ratios reported here are consistent with previously
reported values ranging from 4.4 to 6.3 (Grela and Giinter, 1995;
Ryan et al., 2007; Caprioli et al., 2016; Khrisanapant et al., 2019).
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Identification and semi-quantification of VOCs associated with
unpleasant aromas was achieved based on the comparison of mass
spectra and LRI values of VOCs detected in WT and pslox2 mutant
pea flours with those reported in the NIST library (2017, version
2.3) (Table 4). For additional clarity, the likely fatty acid source and
odor description of each VOC can be found in Table 4. Most VOCs
identified in the pea seed extracts were aldehydes or alcohols. A
significant decrease in all TGP lines was only seen for VOCs (E)-2-
heptenal, octanal, (E,E)-2,-4-heptadienal, and (E)-2-octenal.

The standardized beta coefficient values [the measure of the
contribution of the variables (all significant VOCs and FAs) to the
model)] indicated the strength of the effect of each model predictor
variable used on LOX activity. Overall, the LOX activity of pea
samples was highly influenced by (E,E)-2,4-heptadienal and
heptanal. Beta values were 0.946 and a p-value of 0.003 ((E,E)-
2,4-heptadienal) and 0.055 and a p-value of 0.003 (heptanal). These
findings suggest that (E,E)-2,4-heptadienal and heptanal are
important VOC markers of LOX activity in pea flours, with
(E,E)-2,4-heptadienal having a much stronger effect compared to
heptanal. The stepwise model was significant with an F1,2 value of
3376.572 and a p-value of 0.003, indicating that the model is a good
fit for the data. The adjusted R2 value of 1.00 suggests that the
model explains 100% of the variance in LOX activity, which is a very
strong result. These VOCs could help food developers to create
suitable screening models to select pea flours and/or products made
with them to predict unpleasant aroma.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1246905
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Bhowmik et al.

PAM gRNA1
CCACAAGATAAGAGGGACAGTGGTGTTG

[ ! i
Wild-typeN’\\ A /\ /\ /\ /V\/\ l/ y\_A(\[\/\{\[\/\/\(\

CCACAAGATAAGAGGGACAGTGGTGTTG

i \
3—3(TGP—2)/\} \ }‘\ /\ /\ /\ /V\/\ }Hl /\/\/\/\/\/\/\/\/\

10.3389/fpls.2023.1246905

—_— R Seo |

CTCTTGATGGCCTTACTGCCTTCTTAGGCC

N !
, ,Aw AL Y

CTCTTGATGGCCTTACTGCCT-CTTAGGCC

/”J\A/\/\/U\/\N[\M\ J\/\lp‘m,/\ M M

CCCCAGGTTAGGAGGGCCAGGGGGGTGA

serema L /V\/V\ AN A wnarian

CCACAKGATAAGAGGGACAGTGGTGTTG

o I
3-6 (TGP-4)/\\}\\ / \ /\ /\ /\ /\/\/\ M /\N\/\/\/\/\N\

ATTTTGAAGGCCCTTATTCCTﬁCTTAGGCC
. .
| \ '
n aho b
i Nt I
CTCTTGATGGCCTTACTGCCT4CTTAGGCC

f\/\/\/\[\/\ /\/\/\“[\N\A /\/\/@N\ N\/\ /\/\/\/\

CCACANGATAAGAGGGACAGTGGTGTTG

W I
4-4(TGP—5)/\/~L/\ /\/\ AN\/\“N\/\/\/\/\/\/\/\

CCACAAEGATAAGAGGGACAGTGGTGTTG

N i
\ [ i

4-5 (TGP-6)

B
PAM gRNA1
CCACAAGATAAGAGGGACAGTGGTGTTGA

wisype (/L Vv e

CTCTTGATGGCCTTACTGCCT4CTTAGGCC

CTCTTGATGGCCTTACTGCCTJCTTAGGCC
\ \ \]\ :
/ﬁ/\/\/\/\ /\/\Af AN AW /\/\/\ /\/\M

NA3

GATGGCCTTACTGCCTTCTTAGGCCGCAGTGTCTCCCTCCAGC

ot A/\/\/ v il anl /W\[W\/ﬂvﬁ\f N\Jn\ i /\A L

GAdel

CCACAATAAGAGGGACAGTGGTGTTGATG

ool oo
17-1 (TGP-7)

CCACAAGATNAATGGGACCAAATGGGACA

17-3 (TGP-8)

CACAAGATNAATGTTTCCAAAATGTGACA

17-4(T6P-9) 1\, /\

FIGURE 4

44 bp -del
AcTCT

ACTTCCAAGGGCTCATCGACTCCGGCATCAATCTCATTGGTTCAACTGT

ACTTCCAAGGTCTCATCGACTCCGGCATCAATCTCAGTCTCTCAACTGT

) i I
ﬂhui‘.\“u‘ LAAMM AXAA “AIANA\M\ W ‘u“ ‘

Sequencing data from T, mutants used in LOX activity experiments. The PsLOX2 locus was PCR amplified and Sanger sequenced. (A) T, progeny of
lines 3 and 4. (B) T, progeny of line 17. Sequencing reactions occurred from the gRNA3 to gRNAL site. The dashed lines represent the DSB site of the
gRNA sites; Protospacer adjacent motif (PAM) sites are indicated in pink font; Purple and orange font indicate the flanking regions around the 44 bp

deletion at the gRNA3 site of line 7-1

This means that as the LOX activity increases the concentration
of (E,E)-2,4-heptadienal increases. LOX activity also had a
significant effect on heptanal, but its effect was much weaker, with
a standardized beta coefficient of 0.055 and a p-value of 0.003. This
suggests that as the LOX activity increases, the concentration of
heptanal also increases, but the effect is much smaller compared to
(E,E)-2,4-heptadienal.

Collecting volatiles using sensors typically involves using
specialized devices or instruments that are designed to detect and
measure the concentration or presence of volatile compounds in the
air or other environments. These sensors can be based on various
principles such as chemical reactions, physical properties, or
electrical signals, depending on the type of volatile compound
being targeted. The SENSIGENT MSEM 160 Portable Odor and
Chemical Monitor System used in our study uses an array of 32
sensors to mimic the sense of smell for detecting volatiles from a
wide range of chemical classes which makes them useful to screen
food samples. These results show the overall VOC profile of the pea
flours and not the individual VOCs that were identified using the
GC-MS analysis outlined above. The score plot in principal
component analysis (PCA) for WT and eight transgenic yellow
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pea flours (TGP-2 to -9) presented in Figure 5 clearly shows the
ability of this device to distinguish between CRISPR-mediated and
nonmediated pea flours with more than 96% of the separation
explained by the first two PCA axes.

The homozygous mutant lines TGP-2, -4, -5, -6, and -7 tended to
have a more severe phenotype than the heterozygous mutant lines
TGP-3, -8, and -9 across the parameters examined, LOX activity, FA
composition, and VOC composition. The data suggest that PsSLOX2
shows semi-dominant inheritance as the heterozygous mutants have
an intermediate phenotype between the homozygous mutant and
WT lines. Although unexpected, a similar semi-dominant inheritance
has been observed in tomato (Solanum lycopersicum) mutants of
suppressor of prosystemin-mediated responses8 (spr8) which is also a
lipoxygenase (Yan et al., 2013).

To visually examine the linear correlation between LOX activity
and all significant measurements presented in Tables 3 and 4, a
correlogram is provided in Figure 6. This graph presents a positive
linear correlation between LOX and detected VOCs with the sensor
responses. A negative correlation is obtained for total PUFAs,
selective PUFAs (linoleic and o-linolenic acid), and also for the
®-6/w-3 ratios.
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TABLE 3 Lipoxygenase specific activity (U/mg) and fatty acid composition (% of total fatty acid) in wild type (WT) and transgenic yellow pea (TGP) flours.

Yellow Pea Samples

o F value
Enzyme Activity (8, 18) t
b WT TGP-2 TGP-3 TGP-4 TGP-5 TGP-6 TGP-7 TGP-8 TGP-9
Specific LOX activity (Ufimg) 29.135 170.18° 71.85° 94.75% 89.04" 93.86> 103.2° 71.82° 100.6° 86.54>
P yibims oo (14.64) (6.7) (8.29) (837) (14.09) (6.39) 6.7) (5.58) (8.90)
Fatty Acid Composition TGP-4 TGP-5 TGP-7 TGP-8 TGP-9
0.23 0.35 0.23 0.17 0.17 0.18 0.18 0.18 0.35
Myristic acid (C14:0 1.101 NS
yristic acid (C14:0) (0.13) (02) (0.02) (0.01) (0.05) (0.02) (0.02) (0.00) (0.16)
0.11¢ 0.14% 0.15° 0.15° 0.14% 0.15* 0.13° 0.14% 0.15%
Pentad. ic acid (C:1 11.770 %+
entadecanoic acid (C:15) (0.01) (0.005) (0.005) (0.011) (0.005) (0.007) (0.02) (0.04) (0.02)
11.53 11.39 11.42 11.62 10.88 11.47 10.42 10.81 11.59
Palmitic acid (16:0 1.571 NS
mitic acid (16:0) (1.20) (0.64) (0.44) (0.50) (0.48) (0.59) (0.16) (0.40) (0.20)
Palmitoleic acid (C16:1) 4.556 0.070 0.063%° 0.063*° 0.060> 0.062> 0.062%> 0.058" 0.056> 0.054°
1 N
* (0.006) (0.010) (0.005) (0.003) (0.003) (0.002) (0.008) (0.001) (0.002)
0.17 0.19 0.19 0.19 0.18 0.18 0.18 0.19 0.20
Margaric acid (C17:0 2.104 NS
argaric acid (C17:0) (0.02) (0.01) (0.01) (0.01) (0.01) (0.01) (0.00) (0.00) (0.00)
Stearic acid (C 18:0) 6.700 4.05° 355" 372" 3.56° 339" 3.47° 3.42° 3.61° 336"
’ ok (0.37) (0.10) (0.14) (0.06) (0.05) (0.05) (0.03) (0.01) (0.06)
Oleic acid (C18:1) n-9 La3a5y o 2785 28.40% 32.89° 30.63" 30.26™ 29.39 25.94" 25.46' 23.448
€1C acl M n- .
(0.88) (0.50) (0.13) (0.29) (0.33) (0.40) (0.13) (0.41) (0.20)
Linoleic acid (C18:2) l95.731 wx | 4525 45.66° 42.27° 44.47° 45.35% 45.4% 49.05 49.10° 50.50"
1] 14 1t M .
(0.39) (0.70) (0.26) (0.2) (0.08) (0.01) (0.05) (0.24) (0.38)
7.74° 7.38%¢ 6.48° 7.08% 7.56° 7.67% 8.61° 8.42%° 7.96"
~Linolenic acid (C18:3) n-3 27.181 ***
o-Linolenic acid (C18:3) n (026) 02) (0.4) (0.13) (0.10) (0.14) (0.03) 0.17) 0.07)
Arachidic acid (C20:0) 5232 0.38° 0.366™ 0370 0351° 0.345° 0371 036" 0.37° 034
’ o (0.01) (0.013) (0.004) (0.003) (0.005) (0.009) (0.01) (0.01) (0.01)
0.23° 0.156" 0.156" 0.146" 0.138° 0.147° 0.14° 0.13° 0.14°
Behenic acid (C22:0 26.637 ***
chenic acid (C22:0) 001)  (0.002) (0.003) (0.003) (0.003) (0.003) (0.01) (0.02) (0.01)
0.05 0.044 0.061 0.062 0.053 0.060 0.05 0.04 0.05
Erucic acid (C22:1 1.253 NS
rucic acid (C22:1) 0.01) (0.01) (0.01) (0.01) 0.01) 0.01) (0.02) (0.01) (0.01)
Lignoceric acid (C24:0) 1.803 0.38 0.35 0.35 033 0.32 0.32 0.32 0.32 0.31
& ’ NS (0.02) (0.07) (0.02) (0.02) (0.02) (0.03) (0.01) (0.04) (0.01)
Others * 4203 1.98° 1.90% 1.90% 1.59® 113" L.10° 108" 113" 1.06™
T
ers o (0.26) (0.70) (0.70) (0.20) (0.04) (0.02) (0.01) (0.01) (0.08)
5 SFA 1983 NS 17.25 17.03 16.80 16.57 15.60 1633 15.20 15.78 16.94
’ (1.68) (1.36) (0.69) (0.56) (0.55) (0.68) (0.18) (0.48) (0.66)
5 MUFA 132,557 2842 28.96% 33.51° 3117° 30.82° 29.92 26.48° 25.98° 23.95"
’ (0.91) (0.53) (0.11) (0.29) (0.35) (0.45) (0.13) (0.42) (0.23)
5 PUFA 119466 53.54° 53.36 49.07¢ 51.64° 52.96™ 53.13" 57.70° 57.64° 58.56°
’ (0.75) (0.91) (0.68) (0.24) (0.19) (0.25) (0.06) (0.07) (0.45)
PUEA/SFA 6.174 3.13% 3.14% 2.92° 3.11% 3.39% 3.25% 3.80* 3.65% 3.46%
ok (0.36) (0.30) (0.15) (0.12) (0.13) (0.14) (0.05) (0.11) (0.16)
0.6/03 — 5.67° 597> 6.51° 625" 5.98" 5.90° 5.68° 5.82% 632"
’ (0.22) (0.14) (0.42) (0.09) (0.06) (0.09) (0.02) (0.15) (0.04)

« Mean values (followed in brackets by the standard deviation) within the same row with the same letter are not significantly different when a probability level of 0.05 is applied. All analyses were
conducted in three replicates (n = 3).

« MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; SFA, saturated fatty acids; ®-3, omega-3 fatty acids; -6, omega-6 fatty acids.

« Wild Type (WT), Transgenic 2 to 9; (TGP-2 to TGP-9).

« NS, not significant p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.

« TNumbers in the brackets reflect the degrees of freedom: F-value (dfbetween, dfwithin).

« & Includes unidentified acids.
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TABLE 4 Concentrations of selected volatile compounds (ug/100g of flour) in wild type (WT) and transgenic yellow pea (TGP) flours.

Volatile

Organic Probable

Compound origin
(VvOCQ)

Hexanal Linoleic acid

(Eriksson, 1975)
(Murray et al., 1976)
(Jelen and Wasowicz,
2011)

(Murat et al., 2013)
(Mandal et al., 2014)
(Lampi et al., 2020)
(Belitz et al., 2009)

Odor description

Green, Grassy

881

25.321°
(9.213)

9.546"
(3.83)

19.860™"
(5.90)

7360
(1.93)

7.090*
(1.16)

7.150*
(0.96)

5.736>
(0.440)

13.384%
(3.550)

11.634%
(2.956)

Linoleic acid
2-Hexenal i .
Linolenic acid

(Murray et al., 1976)
(Sessa & Rackis, 1977)
(Mandal et al., 2014)
(Jelen and Wasowicz,
2011)

(Lampi et al., 2020)

Green, Leafy

958

19.613

8.910°
(3.621)

0.648°
(0.24)

6.462°
(1.35)

0.672°
(0.25)

0.476°
(0.21)

0.522°
(0.13)

0.353°
(0.033)

1.757°
(0.764)

2.543°
(0.792)

1-Hexanol Linoleic acid

(Murray et al., 1976)
(Jelen and Wasowicz,
2011)

(Matoba et al., 1989)

Green, Herbacious

978

0.680
NS

2.672°
(1.689)

1.866°
(0.60)

2.032°
(0.43)

1.686°
(0.46)

2126
(0.16)

2.061%
(0.09)

2.053*
(0.208)

2.102*
(0.215)

1.851°
(0.748)

Linoleic and
Heptanal oleic acids
Linolenic acid

(Murray et al., 1976)
(Belitz et al., 2009)
(Lampi et al., 2020)
(Sessa & Rackis, 1977)

Green, Fatty, Pungent

984

4.155

*k

2.216*
(1.179)

1.255%
(0.47)

1.376™
(0.26)

0.769°
(0.11)

0.819"
(0.13)

0.927°
(0.10)

0.731°
(0.043)

1.210%
(0.497)

0.977°
(0.173)

Linoleic acid
(E)-2-Heptenal o-Linolenic

acid

(Hoffmann, 1962)
(Eriksson, 1975)
(Sessa and Rackis,
1977)

(Belitz et al., 2009)
(Lampi et al., 2020)
(Murray et al., 1976)
(Belitz et al., 2009)

Beany, Pungent, Green

1064

8.583

7.785%
(3.309)

2.637°
(0.55)

3.429°
(0.32)

1.913°
(0.50)

1.767°
(0.41)

2.069°
(0.26)

1.855°
(0.106)

2.918°
(1.601)

3.195°
(1.298)

Linoleic acid

a-Linolenic and
1-Octen-3-ol . .

Linoleic

acids

(Lampi et al., 2020)
(Hoffmann, 1962)
(Khrisanapant et al.,
2019)

(Murray et al., 1976)
(Zhang et al., 2020)
(Lumen et al., 1978)
(Mandal et al., 2014)

Earthy, Mushroom, Vegetable

1082

5.590

*k

7.779°
(3.80)

3.114°
(1.02)

3.768"
(0.52)

2.694°
(0.48)

2.717°
(0.30)

3.085°
(0.74)

2.717°
(0.39)

3.646%°
(0.74)

3.140°
(0.59)
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TABLE 4 Continued

Volatile
Organic Probable .
9 - Odor description
Compound origin
(\Y/e]®)]
Furan2_Pentyl Linoleic acid (Min and Boff, 2002) Green 990 4921 42657° | 16205° 18353 | 9672° 11.844° | 13.021° | 11367 | 22204 | 24.419%
-2 m ¢ >
4 * (21.406) | (5.70) (5.54) (2.32) (1.51) (2.74) | (2697) | (12.743) = (12.283)
Murray et al., 1976
Oleic acid (Murray et a ) 2.796 4423 1781° | 1343 | o784 0923 | 1348° | L109®  1477° 1289
Octanal R L (Belitz et al., 2009) Green 1088
Linoleic acid i * (3.015) (0.85) (0.34) (0.39) (0.17) (026) | (0.247) | (0.622) | (0.544)
(Belitz et al., 2009)
(EE)-2.4-Heptadienal | o Linolerc acid (Murray et al., 1976) Rancid hazelnut. Brown bean 1138 8.192 3.897° 1.130° 1.479° 0.810° 0.616° 0.877° | 0.786" 1.640° 1.739°
) SAHEp (Lampi et al., 2020) ’ Y o (1804) | (0.18)  (0.05) (0200 | (0.28) (0.10) | (0.106) | (0.643) | (0.853)
(Murray et al., 1976)
Sessa & Rackis, 1977
o (Sessa & Rackis, 1977) Green, Leafy, Brown, Pea, 7.885 3678° | 1139 | 1547° | 0754°  0.685° | 0900° | 0739 | 1.667°  1.446°
(E)-2-Octenal Linoleic acid (Belitz et al., 2009) 1168
Vegetable oer (1.595) (0.36) (0.25) (0.26) (0.22) (0.15) | (0.153) | (0.798)  (0.909)
(Murat et al., 2013)
(Lampi et al., 2020)
(Murray et al,, 1976)
(E.E)-2,4-Nonadiensl Linoleic acid (Sessa & Rackis, 1977) Green. Grassy. Sweat 1348 6.033 1.723° 0.636° 0.737%° 0.352° 0.289° 0.403° | 0.324° 0.887%° | 0.685°
T o-Linolenic acid (Jelen and Wasowicz, ? ¥ e (0.908) (0.20) (0.04) (0.09) (0.11) (0.08) (0.086) (0.452) (0.390)

2011)

« Mean values (followed in brackets by the standard deviation) within the same row with the same letter are not significantly different when a probability level of 0.05 is applied. All analyses were conducted in triplicate (n=3) except for Wild Type (n=7).

« Wild Type (WT), Transgenic 2 to 9; (TGP-2 to TGP-9).
« NS, not significant p > 0.05; *p < 0.05; **p < 0.01; **p < 0.001.

« * Linear Retention Index (LRI): calculated using the retention time obtained for a series of n-alkane (C8-C20, 40 pg/ml hexane) as described previously (Aliani and Farmer, 2005).
« tNumbers in the brackets reflect the degrees of freedom: F-value (dfbetween, dfwithin).
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Score Plot in PCA Space with Autoscale

Blank-Vial1
Wild-Type
TGP-2
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TGP-6
TGP-7
TGP-8
TGP-9

xAxavdPomo

FIGURE 5

Score plot using principal component analysis (PCA) for Wild Type
(WT) and all transgenic yellow pea flours (TGP-2 to -9) by SENSIGENT
MSEM 160 Portable Odor and Chemical Monitor System.

In addition, the overall correlations between selected VOCs,
FAs, sensor responses, and LOX activity in WT and TGP lines are
presented in the PLS-R plot presented in Figure 7. The eight TGP
lines were clustered separately in different areas on the plot opposite
to WT lines which were located in the quadrant close to the LOX
activity, sensor responses, and also with the majority of VOCs
responsible for unpleasant aromas. Overall, the plot depicts a
positive association between the LOX activity and VOC
formation and is a useful visual model to examine the significant

~38§
TR g0 -5 =
A ] £5s%
_E50388% s g3gicd
6329832 FEis8858587 8
5555882783580 10 50
SRPRRPEOS e <IATOANNN L B DD 1
Lox |/ VL L L L LA
Total SFA | /1 N 0000000000009
Total MUFA /N /NN 0.8
Total PUFA /0N / /.
Ratio .6/.3 |/ D 0.6
Oleic acid (C18:1) /NN
Linoleic acid (C18:2) /4 04
a-Linolenic acid (C18:3n3) /

Arachidic acid (C20:0) /@@ S OO OO P O ¢ 0.2
Hexanal /S J @IS IS I I IIPI
rHeend [V SPS)IIII000 | |

wnd 7707477007
octenal S S LIS/ L/ F 02
ot DI 000595 | 1o
st 700707
24-Nonadienal /' / // /. 0.4

2,4-Heptadienal ////,’

1-Octen-3-ol /S /L8 0.6
Furan-2-Pentyl /S & &
Sensors /// 08
S12 :
s15 / »

FIGURE 6

R Correlogram for LOX activity, selected fatty acids (FAs), and
concentration of volatile organic compounds (VOCs) in Wild Type
and all Transgenic Yellow Pea Flours (TGP-2 to -9). The correlogram
is color-coded with the correlation scale indicated. Blue color
shows a positive correlation and red color a negative correlation,

as indicated by opposite directions of ellipses within each square.
The width of the ellipse represents the strength of the correlation,
perfect linear is just a line.
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FIGURE 7

Partial least squares regression (PLS-R) plot for wild type and all
transgenic yellow pea flours (TGP-2 to -9). Observations showing
the correlation between X (t1) and Y (t2) variables where: X variables
= volatile organic compounds (VOCs) responsible for beany off-
flavor, selected fatty acids, and E-nose sensor response; Y variable
e = LOX activity observations; o = Wild Type, and transgenic yellow
pea flours.

results as a whole rather than discussing them one by one. It is also
clear that as expected for a LOX mutant, the SFAs and MUFAs were
not affected by CRISPR/Cas9 gene editing of the PsLOX2 gene and
these FAs were all found to be associated with WT lines.

4 Conclusions

The results presented in this study demonstrated a successful
CRISPR-Cas9 mediated editing of the pea PsSLOX2 gene. The results
obtained for LOX activity, the known substrates, and products of
this enzyme confirmed that this mutation led to lower activity of
LOX in all mutant pea lines with a significant decrease in several
VOCs generated from some PUFAs. Among all the detected VOCs,
(E,E)-2,4-heptadienal may be of particular interest for monitoring
the success of CRISPR-Cas9 mediated editing of the pea
PsLOX2 gene.

The use of sensors to monitor the headspace of the pea flours in
less than 3 minutes provided a rapid and sensitive tool for screening
the VOCs profile of any transgenic crop which can accelerate
breeding and gene discovery in pea and other important legume
crop plants.

S5 Materials and methods
5.1 Pea growth conditions
Yellow pea seeds of the elite genotype CDC Spectrum were

obtained from the Crop Development Centre, University of
Saskatchewan (Dr. Tom Warkentin’s pea breeding program).
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Plants were grown in a controlled environment chamber at 24°C
with a 16 h photoperiod at 200 pmol quanta m™> s~

5.2 Amplification of PsLOX2 from cv.
CDC Spectrum, identification

and designing of gRNAs, and
CRISPR/Cas9 vector construction

Primers (all primers are listed in Table 5) were designed based
on the accession X78580 (GenBank) and were used to PCR amplify
the first three exons of PsSLOX2 from the pea cv. CDC Spectrum
(Warkentin et al., 2017). The resulting PCR product was cloned into
the EcoRV site of pBluescript using Gibson assembly and sequenced
using primers 3/4. The web-application CCTop (https://
crispr.cos.uni-heidelberg.de; Stemmer et al., 2015) was then used
to identify gRNA sites in this sequence. The five gRNA sites located
in the first three exons with the highest CRISPRater scores (Labuhn
et al,, 2018) were selected for in vitro testing. CRISPRater is an
algorithm which predicts the efficiency of a gRNA based on its

TABLE 5 List of primers used in this work.

\[e} Sequence

1 GCTGCAGGAATTCGAT ATGTTTCCAAATGTGACAGGACTCC

2 CGGTATCGATAAGCTTGAT CTTGTATCTAACCTTTCCTCGTTGG

3 CACACAGGAAACAGCTATGA

4 CGTTGTAAAACGACGGCCAG

GAAATTAATACGACTCACTATAGGCCACTGTCCCTCTTATCTTG
GTTTTAGAGCTAGAAA

GAAATTAATACGACTCACTATAGGATTGGTGGTGGAAACGTCCA
GTTTTAGAGCTAGAAA

GAAATTAATACGACTCACTATAGGGATGGCCTTACTGCCTTCTT
GTTTTAGAGCTAGAAA

GAAATTAATACGACTCACTATAGGTTTAGGAGTCCTGTCACATT
GTTTTAGAGCTAGAAA

GAAATTAATACGACTCACTATAGGAGTGGAGACGGTGTTTCACT
GTTTTAGAGCTAGAAA

10 AAAAAAGCACCGACTCGGTGC

11 AGGCTACCGCATAAGTCC

12 CCACTGTCCCTCTTATCTTG
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAG

13 AAGAAGGCAGTAAGGCCATC TGCACCAGCCGGGAATC

14 GATGGCCTTACTGCCTTCTT
GTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAG

15 ACTGGTGATTTTTGCGGACT TGCACCAGCCGGGAATC

16 TTCGATTCCCGGCTGGTGCA CCACTGTCCCTCTTATCTTG

17 AAGAAGGCAGTAAGGCCATC
18 TGAGAATTAAGGGAGTCACGTTATGACC
19 CGGCCATTTTCCACCATGATATT

Underlined sections are overhangs.
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sequence. In vitro tests were performed as described by Kwon et al.
(2023). Briefly, DNA templates for in vitro transcription of gRNA
candidates were produced using PCR with primers 5-9 and a
universal reverse primer (10) from a tracrRNA template used in a
previous study (Kwon et al., 2023; Invitrogen, Waltham, MA, USA).
gRNAs were prepared using the HiScribe' " T7 Quick High Yield
RNA Synthesis Kit (NEB, Ipswich, MA, USA). The cleavage
template was prepared from the pBluescript clones using primers
3/4. Recombinant Cas9 was prepared as described by Kwon et al.
(2023). The gRNA, cleavage template, and recombinant Cas9 were
incubated at 37°C for 1 h and the resulting DNA fragments were
analyzed using gel electrophoresis.

The PsLOX2 CRISPR vector was prepared as described by
Kwon et al. (2023). Briefly, gRNAs 1 and 3 were selected for
cloning into the CRISPR vector based on the in vitro cleavage
assay. To express both gRNAs simultaneously, a self-processing
tRNA-gRNA array was implemented (Xie et al., 2015). The tRNA-
gRNA arrays were constructed using Gibson assembly. To generate
this unique gRNA, overhang sequences were added to tracrRNA-
tRNA templates from a previous study (Kwon et al., 2023;
Invitrogen, Waltham, MA, USA) using primers 12/13 and 14/15
and PCR amplification to produce two gRNA fragments. The first
gRNA fragment underwent an additional PCR step using primers
16/17 to add an additional tRNA overhang to allow for Gibson
assembly. The gRNA fragments were added to the BasI site of a
pENTR/D-TOPO (Thermo Fisher Scientific, Waltham, MA, USA)
vector containing a synthetic gRNA expression cassette driven by
the cauliflower mosaic virus 35S (35S) promoter using Gibson
assembly. The completed gRNA expression cassette was then
added to a binary destination vector containing a 35S driven Cas9
expression cassette using Gateway cloning, resulting in the CRISPR
vector targeting PsSLOX2 used in this work.

5.3 Validation of gRNAs using
mesophyll protoplasts

Tissue for preparation of mesophyll protoplasts was prepared
from pea plants grown in vitro. First pea seeds were surface
sterilized with 75% ethanol for 1 min in a 15 mL centrifuge tube.
The ethanol was removed and then 10 mL of bleach solution was
added. The seeds were incubated in the bleach solution for 15 min
on a shaker. Seeds were then washed five time in sterilie water and
placed on germination media (PhytoTech Labs; Product ID A 1375)
in Magenta boxes and placed in a phytochamber. Leaf tissue from
three week old plants was surface sterilized with 70% ethanol and
cut into 0.5-1 mm strips using a fresh scalpel blade. The strips were
then quickly transferred to a dish containing 10 mL of 0.6 M
mannitol and incubated for 10 min on a shaker at 50 rpm in the
dark. The mannitol solution was then removed and the leaf tissue
was incubated in 10 mL of warm enzyme (37°C) solution consisting
of 0.6 M mannitol, 10 mM MES, 1.5% Cellulase R-10, 0.75%
Macerozyme R-10, 10 mM CaCl,, and 0.1% BSA. The dish was
placed back onto the shaker at 50 rpm for 4 h in the dark.
Protoplasts freed from the leaf tissue were isolated with a 40 um
filter, and washed with W5 consisting of 5 mM KCl, 154 mM NaCl,
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125 mM CaCl,, and 2 mM MES pH 5.7, and added to the top of
5 mL of 0.55 M sucrose in a round bottom culture tube (Fisher
Scientific, Hampton, NH). Protoplasts were further purified by
centrifugation for 10 min at 100 g and 4°C in a swinging bucket
rotor without using brakes. A green intermediate layer formed and
was carefully transferred to a sterile round bottom culture tube.
Then 7 mL of W5 solution was carefully added to the protoplasts
followed by another centrifugation for 5 min at 100 g with brakes
on. The supernatant was discarded and 7 mL of W5 solution was
added to the purified protoplasts followed by a 2 min centrifugation
at 100 g with brakes on. Lastly, the supernatant was removed and
1 mL of W5 solution was added to the purified protoplasts. A
hemocytometer was used to estimate the number of
protoplasts isolated.

MMG (0.5M mannitol, 15mM MgCl, and 4mM MES; pH 5.7)
solution was used to dilute the protoplasts to a concentration of
2 x 10° protoplasts mL~". Thirty ug of the PsLOX2 CRISPR vector
was added to a 2 mL microcentrifuge tube followed by 200 uL of the
protoplast solution. The vector and protoplasts were then gently
mixed. 230 uL of PEG solution was then added to the protoplasts
and fully mixed with gentle tapping and inverting the tube several
times. The mixture was then incubated for 30 min at room
temperature in the dark. Two volumes (900 pL) of W5 solution
was then added to the mixture and fully mixed by inverting the tube
several times. This halted the transfection process. Finally, the
transfected protoplasts were centrifuged for 5 min at 100 rpm.

Genomic DNA was extracted 72 h after transfection from the
protoplasts and used to detect CRISPR-mediated mutations.
PsLOX2 was then amplified from the extracted protoplast
genomic DNA as described above. The resulting PCR products
were sequenced using primer 11. PCR products were determined to
be mutated if their sequencing chromatograms contained mixed
signals occurring near the double stranded break (DSB) site of
either gRNA site.

5.4 Pea transformation and
genotype analysis

Mutant pslox2 pea lines were produced by Agrobacterium-
mediated transformation of thin slices from developing embryo
axes following Polowick et al. (2000) with slight modification.
Colonies of Agrobacterium tumefaciens strain EHA105 harboring
the CRISPR vector targeting PsSLOX2 were grown for 16-18 h at
28°C and 200 rpm in LB broth supplemented with 50 mg/L
spectinomycin and 50 mg/L rifampicin. The overnight culture
was pelleted by centrifugation at 3,000 rpm for 25 min. The
pelleted cells were used to prepare infection media by
resuspending them in MS media supplemented with 100 pM
acetosyringone up to an ODggo of 0.2. Pea seeds cv. CDC
Spectrum were surface sterilized, as described for protoplast
isolation, and imbibed for 20 h in sterile water. Cotyledons were
removed from the embryonic axes and explants were prepared by
removing the top and bottom of the axes and slicing them four to
five times perpendicular to their long axis. To prevent bacterial
overgrowth, sterile filter paper was placed onto cocultivation media
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consiting of 1x B5 media, 3.0% sucrose, 0.8% phytoagar, 3 g/L
KNO;, 770 mg/L CaCl,, 800 mg/L L-glutamine, 500 mg/L
MgS0,-7H,0, 100 mg/L L-serine, 10 mg/L glutathione, 1 mg/L
adenine, 1 mg/L 2,4-D, 0.2 mg/L kinetin, and pH 5.7. The explants
were placed onto the filter paper and then covered with 5 pL of
infection media and incubated for 4 days. Following co-cultivation,
the explants were transferred to callus-inducing media consisting of
1x MS macro- and micronutrients, 1x B5 vitamins, 3.0% sucrose,
0.8% phytoagar, 2 mg/L BAP, 2 mg/L NAA, 150 mg/L Timentin®,
40 mg/L kanamycin, and pH 5.7. The explants were incubated for 2
weeks on callus-inducing media, after which the calli that formed
were transferred to shoot-inducing media consisting of 1x MS
macro- and micro-nutrients, 1x B5 vitamins, 3.0% sucrose, 0.8%
phytoagar, 4.5 mg/L BAP, 0.02 mg/L NAA, 150 mg/L Timentin®,
50 mg/L kanamycin, and pH 5.7. Incubation for 6-9 weeks was
required to induce shoot growth, with fresh media being supplied
every 2 weeks. Shoots that were 0.5-1 cm in length were transferred
to root-inducing media consisting of 0.5x MS, 3.0% sucrose, 0.8%
phytoagar, 0.185 mg/L NAA, 150 mg/L Timentin®, and pH 5.7.
When the shoots were 5-6 cm in length, with prolific root growth,
the plantlets were transferred to soil. The plantlets in soil were
transferred to resealable plastic bags to allow them to slowly harden
by gradually opening the plastic bags over 2 weeks.

Genomic DNA was extracted from 20-50 mg of leaf tissue of
plants brought out of tissue culture and T, plants derived from
them using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany).
Plants were determined to be transgenic using primers 18/19 which
are specific to the neomycin phosphotransferase II of the CRISPR
vector. The PsLOX2 target locus of transgenic plants was analyzed
for mutations in the same way described for protoplasts.

5.5 Lipoxygenase assay

LOX assays were conducted in triplicates by preparing enzyme
extracts from 100 mg of ground seeds (WT, TGP-2 to -9) with 1 mL
of 50 mM sodium phosphate buffer pH 6.8 containing 4 mM
sodium sulfite and 2 mM sodium ascorbate at 4°C for 4 h.
Samples were centrifuged and subjected to fractionation to obtain
a crude LOX fraction as described previously (Domoney et al,
1990). In brief, samples were brought to 25% saturation with
ammonium sulfate, incubated on ice for 10 minutes, and
centrifuged. Recovered supernatants were then brought to 60%
saturation with ammonium sulfate and again incubated and
centrifuged. The resulting pellets were resuspended in 500 pL of
50 mM sodium phosphate pH 6.8 giving the crude LOX fraction
from the samples. This preparation was subjected to protein
quantification by direct measurement of absorbance at 280 nm
and used in the LOX assays described below.

LOX substrate was prepared by dissolving 4.5 pL linoleic acid
(30 mM final concentration) in 500 pL of 50 mM sodium phosphate
pH 6.8 containing 2% v/v Tween-20. Reactions were performed in
triplicate and assembled by combining 200 uL of aerated 50 mM
sodium phosphate pH 6.8, 5 pL of the crude LOX fraction, and 2 uL
of 30 mM linoleic acid substrate solution. Reactions were vortexed
and the absorbance at 234 nm was measured immediately
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and again after five minutes on a Nanodrop One UV-Visual
spectrophotometer. LOX activity was determined by subtraction
of the initial from the final absorbance values divided by the exact
time between measurements, with one unit of activity defined as an
increase of 0.001 in absorbance at 234 nm with a path length of 1
cm. Data were combined and reported as the average with the
standard error. Specific activity was calculated as unit activity per
milligram protein (U/mg) in the partially purified LOX fraction
with appropriate error propagation.

5.6 Fatty acid extraction and analysis
by GC-FID

Lipids were extracted from pea flour samples (WT, TGP-2 to -9)
based on Folch et al. (1957) with some modifications (Shariati-
Tevari et al, 2016). The extracted methylated fatty acids were
analyzed using a gas chromatograph coupled with a flame
ionization detector (GC-FID). The GC-FID column was held at
100°C for 2 min before increasing to 175°C at 25°C/min for 30 min.
The column temperature was then increased to 220°C at 15°C/min
and held for another 10 min. The final temperature reached 240°C
at 20°C/min and was held for 11 min. Each sample was run for a
total of 60 min with a split ratio of 10:1 and a flow rate of 1.8 mL/
min. Hydrogen was used as a carrier gas. A set of high-purity fatty
acid standards (Nu-check; Funakoshi Co. Ltd.) was used for the
quantification of fatty acids in each sample (Shariati-levari et al,
2016). Lipid extractions and fatty acid analysis were conducted in
four replicates for each flour sample.

5.7 Extraction of volatile organic
compounds (VOCs) using SPME fibers

Volatile extractions were performed using solid-phase
microextraction (SPME) fibers (75um Carboxen. PDMS, Supleco),
with 5 g of each of the pea flour samples (WT, TGP-2 to -9) that were
mixed with 10 g of NaCl and 90 mL of Milli-Q water in a 250 mL
PYREX ™ bottle. An internal standard, 1,2-dichlorobenzene (50 uL of
1 ng/mL in methanol), was added to the mixture before the SPME
extraction. The Pyrex bottle was placed in a water bath held at 90°C
(using CORNING PC-420D heater/magnetic stirrer) and the mixture
was stirred carefully with a magnetic stirrer to prevent clump
formation. A hole was made in the lid through which the SPME
needle was introduced to the headspace above the mixture. The
extraction was performed for 60 min.

5.8 GC-MS analysis of VOCs

Collected volatiles on SPME fibers were immediately analyzed
using a 7890B GC with a 7693 Auto-Sampler connected to a 7000
GC/Triple Quadrupole mass spectrometry (MS) detector (Agilent
Ltd, USA). The column was a HP-5MS (5%-phenyl)-
methylpolysiloxane (Agilent Technologies; Santa Clara, CA, USA;
30 m x 250 um x 0.25 pm film thickness). The carrier gas was
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helium (99.999% purity, Air Liquide Canada Inc., Montreal, QC,
Canada) maintained at a constant flow (1 mL/min) with nitrogen
(99.999% purity, Air Liquide Canada Inc.) as the make-up gas. The
run was performed with the following temperature gradient, the
initial 40°C temperature was held for 1 min, followed by a
temperature increase of 4°C/min up to 200°C, a hold for 1 min,
and a second increase of 10°C/min to 270°C which was held for
1 min for a total run of 54 min. The injector, at a temperature of
250°C, was operated in splitless mode with an injection volume of
1 uL. The Agilent Ltd. Triple Quadrupole MS was operated in
electron impact (EI) mode with an ionization energy of 70 eV. The
GC-MS transfer line and ion source temperatures were set at 250°C
and 230°C, respectively. All analyses were performed in full scan
mode with a scanning range of 29 to 500 m/z. A 3.7 min solvent
delay was used to eliminate possible interfering solvent peaks from
the chromatogram.

The semi-quantification of each volatile was calculated from the
ratio of the base ion peak area for each VOC to the internal
standard’s (m/z 146) base ion peak. The identity of each peak was
determined by matching their mass spectra with the mass spectra of
authentic compounds analyzed and reported in the National
Institute of Standards and Technology (NIST version 2.3, 2017)
library. The relative linear retention indices (LRIs) of each of the
compounds were also calculated using the retention time obtained
for a series of n-alkanes (C8-C20, 40 ug/mL hexane) as described
previously (Aliani and Farmer, 2005).

5.9 E-nose sensor analysis

The WT and transgenic yellow pea flours (2g) were placed in a
20 mL glass tube covered with GC-MS vial septa lids where a hose
equipped with a needle was placed for VOCs and chemical
collection using a Sensigent MSEM 160. The collection was done
over 60 sec with a pre-collection and purging time of 60 and 60 sec,
respectively. Air was used as a blank and all analyses were
performed using 5 replicates.

5.10 Statistical analysis

The differences in LOX activity, FAs, and VOCs in the different
pea flours were determined using a one-way analysis of variance
(ANOVA) followed by Tukey’s multiple comparison test. The
relationship between LOX activity (Y variable) and the other
measured parameters (X variables including the concentration of
FAs, E-nose sensor response, and selected VOCs) was calculated
using partial least squares regressions (PLS-R) using mean values
for all variables (XLSTAT, version 19.4; Addinsoft, Paris, France).
To visualize linear correlations between LOX activity and the
concentration of the different VOCs and FAs in different pea
flours, a correlogram was generated using R statistical package
(version 4.02). The collected data was transferred into CDAnalysis
software (Sensigent, Version 11.2), and processed using the specific
parameters as follows: sensors AR/R as the data source, the baseline
correction using the ‘Adv min max’ algorithm followed by
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normalization ‘Norm1’ and generation of the principal component
analysis (PCA). A stepwise multiple regression analysis was
performed using SPSS with all detected FAs, VOCs, and sensor
responses to determine variables that can be used to predict the
transgenic effect of reduced LOX activity.
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CRISPR/Cas9 RNP delivery
via electro—transfection
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NORCE Norwegian Research Centre AS, Climate & Environment Department, Siva Innovasjonssenter,
Tromsa, Norway

The soybean (Glycine max L.) is an important crop with high agronomic value. The
improvement of agronomic traits through gene editing techniques has broad
application prospects in soybean. The polyethylene glycol (PEG)-mediated cell
transfection has been successfully used to deliver the CRISPR/Cas9-based
ribonucleoprotein (RNP) into soybean protoplasts. However, several downstream
analyses or further cell regeneration protocols might be hampered by PEG
contamination within the samples. Here in this study, we attempted to transfect
CRISPR/Cas9 RNPs into trifoliate leaf-derived soybean protoplasts using Neon
electroporation to overcome the need for PEG transfection for the first time. We
investigated different electroporation parameters including pulsing voltage (V),
strength and duration of pulses regarding protoplast morphology, viability, and
delivery of CRISPR/Cas9. Electroporation at various pulsing voltages with 3 pulses
and 10 ms per pulse was found optimal for protoplast electro-transfection.
Following electro-transfection at various pulsing voltages (500 V, 700 V, 1,000 V,
and 1,300 V), intact protoplasts were observed at all treatments. However, the
relative frequency of cell viability and initial cell divisions decreased with increasing
voltages. Confocal laser scanning microscopy (CLSM) confirmed that the green
fluorescent protein (GFP)-tagged Cas9 was successfully internalized into the
protoplasts. Targeted deep sequencing results revealed that on-target insertion/
deletion (InDel) frequencies were increased with increasing voltages in protoplasts
electro-transfected with CRISPR/Cas9 RNPs targeting constitutive pathogen
response 5 (CPR5). InDel patterns ranged from +1 bp to —6 bp at three different
target sites in CPR5 locus with frequencies ranging from 3.8% to 8.1% following
electro-transfection at 1,300 V and 2.1% to 3.8% for 700 V and 1,000 V, respectively.
Taken together, our results demonstrate that the CRISPR/Cas9 RNP system can be
delivered into soybean protoplasts by the Neon electroporation system for efficient
and effective gene editing. The electro-transfection system developed in this study
would also further facilitate and serve as an alternative delivery method for DNA-free
genome editing of soybean and other related species for genetic screens and
potential trait improvement.

KEYWORDS

CRISPR/Cas9 RNPs, gene-editing, neon electroporation system, soybean, protoplasts,
target-deep sequencing, trait improvement
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Introduction

The CRISPR/Cas9 system has become a versatile technology in
plant breeding and functional genomics due to its design simplicity
and high efficiency in genome editing (Jiang and Doudna, 2017; Liu
et al,, 2022). Genome editing via CRISPR/Cas9 system uses single
guide RNA (sgRNA) and Cas9 protein to make mutation events
including insertions and deletions (InDels) at desired locations in the
host genome through non-homologous end-joining (NHE]) or
homology-directed repair (HDR) pathways (Jinek et al., 2013). The
CRISPR/Cas9 system enables targeted modifications in the genome
by gene knock-in/out, base editing, prime editing, and guided
transcriptional regulation (Feng et al., 2013; Zong et al., 2017; Mao
et al,, 2018; Lin et al.,, 2020; Rezazade Bazaz and Dehghani, 2022).
Therefore, an optimized CRISPR/Cas9 cell system would facilitate
efficient genetic screens for target genes and off-target activity in the
plant genomes, thereby accelerating breeding and biosafety research.

The DNA expression cassettes of the CRISPR/Cas9 system can
be transformed into plant cells using the most common delivery
methods including Agrobacterium-mediated (Zhang et al., 2019),
virus-mediated (Lei et al., 2022), particle bombardment (Hamada
et al.,, 2018), and polyethylene glycol (PEG)-mediated transfection
(Wu et al., 2020). Despite the fact that Agrobacterium and biolistic
methods have been widely used in many organisms to deliver
components for gene editing (Sandhya et al., 2020; Ghogare et al.,
2021), their inadvertent incorporation of transposable elements
(T-DNA) into the host genomes results in continued expression
of CRISPR machinery, often resulting in unintended off-target
mutation and genomic rearrangement (Zhang et al., 2018; Jupe
et al, 2019; Chu and Agapito-Tenfen, 2022). Although virus-
induced gene editing systems have many advantages including
high editing efficiency and without integration of exogenous DNA
into the host genome, their capacity to deliver the entire CRISPR/
Cas9 system into plant cells is lower, which limits their application
as a delivery method (Liu and Zhang, 2020; Zhang et al., 2022).
Developing gene-edited lines without CRISPR T-DNA remnants in
the host genome is gaining importance in the global genetically
modified (GM) regulatory landscapes. Therefore, the DNA-free
Cas9 ribonucleoprotein (RNP) (gRNA precomplexed to Cas9
nuclease) delivery into protoplasts has been adopted as a versatile
method for genome editing of a diverse range of plants.

The direct delivery of RNPs into plant cells can be achieved by
PEG-mediated as well as electroporation-mediated transfection or
electro-transfection. PEG-mediated transfection has been widely used
to deliver RNPs into plant protoplasts including Arabidopsis, tobacco
and rice (Woo et al., 2015), petunia (Subburaj et al., 2016), apple and

Abbreviations: 9M CPW, 9% mannitol with CPW salts; CLSM, confocal laser
scanning microscope; CPR5, constitutive pathogen response 5; CPW, cell and
protoplast washing; ESID, electronically switchable illumination and detection
module; FDA, fluorescein diacetate; GFP, green fluorescent protein; HDR,
homology-directed repair; InDels, insertions/deletions; NCBI, National Center
for Biotechnology Information; NHE], non-homologous end-joining; PEG,
polyethylene glycol; RGEN, RNA-guided endonuclease; RNP,
ribonucleoprotein; sgRNA, single guide RNA; SRA, Sequence Read Archive;
T7E1, T7 endonuclease I; V, voltage.
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grape (Malnoy et al, 2016), wheat (Liang et al., 2017), cabbage
(Murovec et al,, 2018), pepper (Kim et al., 2020), maize (Sant’Ana
et al, 2020), tomato (Nicolia et al., 2021), and soybean (Subburaj
et al, 2022). PEG might exhibit incompatibility to several
downstream analyses (e.g., proteomic analysis) and may cause
some degree of cell cytotoxicity, with toxic effects occasionally seen
in protoplasts when transfection with PEG is performed (Tyagi et al.,
1989; Masani et al., 2014). Electro-transfection is another direct
delivery method for the efficient transfection of the CRISPR/Cas9
system to living cells, and it has been widely used in the
transformation of human and mouse primary T cells (Rupp et al,
2017; Seki and Rutz, 2018). Electro-transfection of RNPs has been
demonstrated successfully in the microalga model Chlamydomonas
reinhardtii (Baek et al., 2016; Shin et al, 2016). In addition,
electroporation was also used for the delivery of RNPs (cabbage
protoplast) and plasmid DNA containing CRISPR reagents (oil palm
protoplast and wheat microspores) to plant cells (Bhowmik et al.,
2018; Lee et al,, 2020; Yeap W. et al., 2021). In soybean protoplasts,
the transient expression of electroporated DNA has been reported by
several studies (Dhir et al., 1991; Christou et al., 1987; Lin et al., 1987),
but these available methods have not been adopted and or updated
for targeted genome editing through transient introduction of RNA-
guided endonuclease (RGEN) RNPs into soybean protoplasts.

Soybean is an economically important agronomic crop with
high protein and oil, and several genetic engineering approaches
have been made to improve the soybean traits (Rahman et al., 2023).
Very recently, an efficient DNA-free genome editing platform for
soybean protoplast systems using direct delivery of Cas9-RNP
through PEG-mediated transfection was established by our
research group (Subburaj et al, 2022). To date, no standardized
protocols exist to transfect RNPs to soybean protoplasts through
electroporation with reasonable mutation efficiency, which would
greatly facilitate the CRISPR/Cas9 system to soybean protoplasts of
different genetic backgrounds and further downstream analysis
such as the impact of CRISPR exposure to soybean proteome.

In the present study, we report the establishment of a CRISPR/
Cas9 RNP delivery system that facilitates efficient RNA-based
genome editing in soybean protoplasts using electro—transfection.
Using the Neon electroporation system (Thermo Fisher Scientific,
Waltham, MA, USA), we investigated the important electrical factors
including voltage strength and pulse duration on protoplasts, and we
analyzed protoplasts of post-electroporation. With the established
electrical parameters, we successfully demonstrated the delivery of
exogenous green fluorescent protein (GFP)-Cas9 into the nucleus of
soybean protoplasts using electro-transfection. By targeting the
Glycine max CPR5 locus (GmCPR5) that is associated with soybean
trichome growth, we validated the mutations at three different sgRNA
targeted sites and determined the mutagenesis efficiency of CRISPR/
Cas9 in soybean protoplasts by targeted deep sequencing.

Materials and methods
Plant material and protoplast extraction

The soybean (G. max) seeds cv. OAC Bayfield was planted and
grown in soil pots under a photoperiod of 8-h light and 16-h dark at
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25°C in a growth chamber (Enviro Plant®) for 3 weeks. The newly
expanded trifoliate leaves from 14-16-day- old soybean seedlings
were used for protoplast isolation. The extraction of protoplasts was
carried out according to our previous study (Subburaj et al., 2022)
with minor modifications. Briefly, 12-18 trifoliate leaves were sliced
into 0.2-0.4- mM strips and were agitated in 20 ml of VCP
(Viscozyme® L, Celluclast® 1.5L, and Pectinex® Mltra SPL)
(Sigma-Aldrich, Darmstadt, Germany) cell wall digesting enzyme
solution for 4-5 h at 25°C in the dark to isolate protoplasts. After
digestion, the solution was filtered through 0.75- pm nylon mesh,
and the filtrate was pelleted at 600 rpm for 5 min. Harvested
protoplasts were rinsed thrice with 10 ml of 9M cell and protoplast
washing (CPW) solution, followed by resuspending and
centrifugation. The washed and purified protoplasts were kept in
ice for 1 h prior to further use.

Target gene and guide RNA selection

In this study, we chose GmCPR5 as the target gene, as it was
already attempted to make site-directed mutations in their coding
region using CRISPR/Cas9 RNP through the PEG-mediated delivery
method; to accomplish this, we designed five candidate gRNAs
(denoted as T1-T5) against CPR5 coding region in our previous
study (Subburaj et al, 2022). In the present study, we selected and
used best gRNAs of T1 (5'-AGGCTGCGGCGTTCAAACGACGG-
3), T3 (5-GTCTCCCAGTCATCTTTCGATGG-3'), and T5 (5'-
AGCTTTAGTAATCCGCTCGTAGG-3’) due to their higher
mutation frequency at the CPR5 locus (Subburaj et al,, 2022). We
carried out the in vitro transcript synthesis and purification of these
gRNAs as reported previously (Subburaj et al., 2022).

Electroporation-mediated soybean
protoplast transformation

The purified protoplasts were centrifuged and resuspended in
9M CPW solution and then counted using a hemocytometer. CPW
solution with a volume of 100 pl containing approximately 4 x 10°
protoplasts was transferred to a 1.5-ml Eppendorf tube as needed
for each transfection. After brief centrifugation, CPW solution was
removed, and protoplasts were resuspended in 80 pl of transfection
buffer, which included R buffer (Neon suspension buffer), MMG
solution (4 mM of MES, 0.4 M of mannitol, and 15 mM of MgCl),
and HEPES electroporation buffer (10 mM of Hepes (pH 7.2), 0.2 M
of mannitol, 5 mm of CaCl,, and 150 mM of NaCl). Next, 20 pl of
RNP complex was added to 80 ul of protoplast resuspension to
bring a final volume of 100 pl. Then, the electroporation was carried
out using the Neon"™ Transfection System (Invitrogen, Carlsbad,
CA, USA) following the manufacturer’s instructions in 100-pl
volumes. Protoplasts were electroporated with various voltages
(500 V, 700 V, 1,000 V, and 1,300 V), pulse (1 and 3), and width
(10 ms, 20 ms, and 30 ms) to optimize and obtain efficient
transfection conditions as described in the Results section. With
the optimized electro-transfection conditions, 20 pl of RNP
complexes (1:3 molar ratio) consisted of 10 ug of ready-to-use
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GFP-tagged Cas9 from Sigma-Aldrich (CAS9GFPPRO), and 30 g
of sgRNA was electrophoretically introduced into 80 ul of
resuspended protoplasts. Control and electroporated cells were
immediately transferred in a 12-well poly-p-lysine-coated cell
plate with 0.5 ml of precooled KP8 liquid medium (Kao, 1977)
(supplemented with 9% mannitol and 3% sucrose). Then, the plates
were kept on ice for 1-2 h and shifted to 25°C in darkness for 16—
24 h prior to DNA extraction. Control and transfected cells were
further cultured in 1 ml of KP8 liquid medium for 4 weeks at 25°C
in the dark.

Microscopic observation of protoplasts

The bright-field images of isolated and transfected cells were
analyzed using Motic AE2000 inverted microscope and captured
with Moticam (Motic Hong Kong Limited, Hong Kong). The
viability of control and electro-transfected cells was assessed by
0.5% fluorescein diacetate (FDA) staining, observed under reflected
light with Axio Vert.A1 (FL-LED Stand) inverted light microscope,
and captured via Axiocam 202 mono (Carl Zeiss Microlmaging
GmbH, Oberkochen, Germany). The fluorescence images of GFP-
tagged Cas9 were acquired under bright field and electronically
switchable illumination and detection module (ESID) using
confocal laser scanning microscopy (CLSM) (LSM 800; Carl
Zeiss) using a diode laser (488-nm line) with a 40x objective lens.
The viability and transfection efficiency were calculated as the
number of fluorescent protoplasts divided by the total number of
protoplasts in one representative microscope field (Adedeji et al.,
2020; Subburaj et al., 2022).

T7E1 validation and targeted
deep sequencing

The genomic DNA from control and electro-transfected
samples was prepared using Plant DNAzol ™ Reagent (Invitrogen
Co., Carlsbad, CA, USA). For each sgRNA (T1, T3, and T5), the
target-specific nested PCR primers were designed in GmCPRS5 loci
(Supplementary Table 1), and the extracted DNA was PCR
amplified using designed primers. Targeted mutagenesis in PCR
products of both control and electro-transfected protoplasts was
detected by T7 endonuclease I (T7E1) assay. Further, the InDels at
the targeted locations were also analyzed by targeted deep
sequencing using the Illumina NovaSeqTM 6000 platform at
Novogene Europe (Cambridge Science Park, UK) as described
previously (Subburaj et al, 2022). CRISPR/Cas9 RNP induced
InDels at GmCPR5 loci for each sgRNA were determined
using Cas-Analyzer from the CRISPR RGEN tools (http://
www.rgenome.net/cas-analyzer/) (Subburaj et al., 2016; Subburaj
et al,, 2022). Briefly, the raw data FASTQ files along with basic
information about query sequences were submitted in the Cas-
Analyzer software with the following analysis parameters:
comparison range of 40 and minimum frequency of 1. Following
submission, the total number of reads, the number of reads with
InDels, and the calculated InDel frequency (defined as the
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percentage by dividing the count of reads that contained InDels at
the target site by the total number of reads) were obtained from the
output of a summarized result table.

Results

Isolation of protoplasts from
trifoliate leaves

The initial electroporation experiments showed that trifoliate
protoplasts are the most suitable for electro-transfection compared
to unifoliate cells, as they were severely damaged after
electroporation. In this study, we efficiently isolated the protoplast
from 15- day-old trifoliate leaves with a duration of 5-6 h of enzyme
digestion (Figures 1A, B). The yield of protoplasts was approximately
2 x 10° cells per gram fresh weight. Isolated protoplasts were 10 tm
to 50 wm in size, and most were spherical in shape (Figure 1C).
Following FDA staining, it was determined that 70% + 2.1% of the
protoplasts were alive (Figures 1D, E). The isolated protoplasts were
cultured in KM medium, and first cell divisions were noted after 4-6
days of culture initiation (Figure 1F), indicating that the trifoliate leaf-
derived protoplasts could be suitable for the electroporation-
mediated transformation.

Electro-transfection of protoplasts using
Neon electroporation system

To establish an electroporation-mediated soybean protoplast
transformation using the Neon system, the electro-transfection

10.3389/fpls.2023.1255819

method was optimized based on cabbage and wheat protocols
where transfection efficiency reaches 3.4% (1 pulse of 1,000 V,
20 seconds each) and 2.2% (3 pulses of 500 V, 30 seconds each),
respectively (Bhowmik et al., 2018; Lee et al, 2020). Following
cabbage and wheat electroporation conditions, initial soybean
testing failed, as we could not detect or could only detect a few
GFP fluorescent spots in electroporated cells. Subsequently, the
various pulse strengths (1-3) along with voltages (500-1,300 V) and
time duration (10-30 ms) were optimized. It was found that
3 pulses of 500 V and 10 ms per pulse were sufficient to transport
the exogenous GFP-Cas9 with lower cell death rates. The effects of
various ranges of pulsing voltages were further evaluated with
optimized 3 pluses and 10 ms per pulse in the protoplasts (100 pl
of 4 x 10° cells) for 500 V, 700 V, 1,000 V, and 1,300 V. As shown in
Figure 2, the protoplasts’ morphology, viability, and cell division
efficiency were examined after electroporation. It was noted that
intact protoplasts with a large and round shape were observed at all
the applied voltages. However, at 1,000 and 1,300 V, a certain
proportion of broken and debris of dead cells was also noted.

The calculated relative frequency of cell viability was 86.5% +
2.4% under 0 V compared to the non-treatment control of 100%.
Under various voltage treatments, the viability of cells was
decreased with the increase in pulsing voltage. The observed
relative frequency of viable rates for treatments under 500 V,
700 V, 1,000 V, and 1,300 V were 76.7% * 2.8%, 66% + 1.4%,
59.1% * 1.2%, and 57.6% = 1.1%, respectively (Figure 2). Upon
culturing of electroporated protoplasts, the primary cell divisions
were noted in all treatments. However, a higher proportion of cell
divisions was only observed at 0 V and 500 V when compared to the
higher voltages of 700 V, 1,000 V, and 1,300 V (Figure 2).

To further optimize and validate the delivery of Cas9 protein, a
fixed amount of 10 pg of GFP-conjugated Cas9 was electro-

FIGURE 1

Isolation of protoplasts from trifoliate leaves of soybean plantlets. (A) Fifteen-day-old plants showing trifoliate leaves of suitable size. (B, C)
Protoplasts of freshly extracted (B) and purified cells (C) under the Motic AE2000 inverted microscope with x 20 and x 40 objectives, respectively
Black scale bar, 30 um. (D, E) The protoplast viability was assessed by FDA staining and observed under both bright field (D) and fluorescence
channel, and simultaneously merged images are depicted (E) using Axio Vert.Al inverted microscope with a X 20 objective. (F) Division of protoplasts
(shown by white arrows) at 4 days after isolation in culture medium. FDA, fluorescein diacetate.
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transfected into protoplasts with the abovementioned pulsing
voltages. After 24 h of electroporation, the internalization of GFP-
tagged Cas9 inside the protoplasts was confirmed under the CLSM
microscope (Figure 3). Regardless of voltage, the GFP-Cas9 was
successfully localized inside of cells. However, the calculated
internalization efficiency of GFP-Cas9 with an unsupervised eye
was % 40% under 1,300 V compared to other treatments such as
500V, 700 V, and 1,000 V where there was only ~ 20%-23% noted.
These results suggest that the established soybean protoplast
transfection using the Neon electroporation system can be
suitable for the delivery of RNPs into protoplasts.

10.3389/fpls.2023.1255819

RNP-based targeted mutagenesis of CPR5
in soybean via electro-transfection

To demonstrate whether the established electro-transfection
system can be employed for RGEN RNP-mediated genome editing
in soybean, three sgRNAs were chosen and prepared based on our
previous study (Subburaj et al., 2022), namely, T1, T3, and T5 to
target exons 1, 2, and 4 of CPR5 gene, respectively (Figure 4A).
RNP complex consisting of a 1:3 molar ratio of Cas9 (10 pg) and
synthesized sgRNAs (30 pg) were electro-transfected into
protoplasts using the Neon system at different pulsing voltages

FIGURE 2

Effect of various pulsing voltage on the protoplasts morphology, viability, and cell division efficiency following electro-transfection. Left panel:
representative images of electroporated protoplasts after 24 h are shown. Middle panel: the merged fluorescence images (under bright and
fluorescence field using Axio Vert.Al inverted microscope with a X 20 objective) showing the FDA-stained viable cells after 24 h of electroporation.
Right panel: images showing primary divisions (shown by black arrows) of electroporated protoplasts at 4 days after culture initiation. FDA,

fluorescein diacetate.
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as mentioned earlier. Following transfection, the genomic DNA
was extracted from control and transfected samples after 24 h of
incubation. The targeted sites were PCR amplified using designed
nested primers (Supplementary Table 1), and a T7E1 assay was
carried out for preliminary detection of RNP-induced mutations
for electro-transfected samples under different pulsing voltages.
Upon agarose gel electrophoresis of T7E1-digested PCR products,
cleaved PCR fragments at expected sizes were noted for all the

10.3389/fpls.2023.1255819

RNP electro-transfected samples under 1,000 V and 1,300 V
(Figures 4B-D). In addition, there were no cleaved PCR
products observed for all the target sites under 500 V and or
700 V, except for T1 under 700 V; the same was observed for the
wild type and the Cas9 alone transfected samples. This suggests

that RNPs successfully induced site-specific double-strand breaks
followed by DNA repair mechanisms within the GmCPR5 locus
in soybean.

FIGURE 3

Delivery and cellular localization of Cas9-GFP to soybean protoplasts through electro-transfection. GFP-Cas9 in electro-transfected (0 V to 1,300 V)
protoplasts at 24 h after electroporation was seen using a laser scanning confocal microscope under GFP (left panel) and bright field of ESID
channel (middle panel). Right panel: representative overlay images of GFP and bright field are shown. White arrows show the location of internalized
GFP-Cas9. GFP, green fluorescent protein; ESID, electronically switchable illumination and detection module.
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To estimate InDel frequency and characterization of mutation
patterns, targeted deep sequencing was performed on the DNA
samples with positive results from the T7E1 assay. The raw data
from targeted deep sequencing were submitted to the National
Center for Biotechnology Information (NCBI) Bioproject (http://
www.ncbinlm.nih.gov/bioproject/) under the accession number
PRJNA983990. Targeted deep sequencing results confirmed that
the InDels present at all three target sites including T1, T3, and T5
under different pulsing voltages, similar to that in the T7EI cleavage
assay. As shown in Table 1, the percentage of InDel (mutation)
frequency of each target site was estimated by dividing the number
of mutated InDel sequences by the number of total sequences in the
CPRS5 target sequences using the Cas-Analyzer tool. The target sites
of T1, T3, and T5 have InDel frequencies that ranged from a
minimum of 2.1% to a maximum of 8.1% with an average frequency
of 421% + 0.73% in the GmCPR5 locus. It was found that the
estimated InDel frequencies were increased with the increase in
pulsing voltage. For the T1 target site, InDel frequency following
electro-transfection at 700 V, 1,000 V, and 1,300 V were 2.1%, 3.7%,
and 8.1%, respectively. Similarly, in T3 and T5, the frequency was
increased from 2.1% and 3.8% (at 1,000 V) to 3.8% and 5.7% at
1,300 V, respectively (Table 1).

T1: AAGGCTGCGGCG
(146-168)

GG
T3: GTCTCCCAGTCATCTTTCGATGG
(591-613)

M WT Cas9 ( 1ooov)<1300v> M (7

10.3389/fpls.2023.1255819

The mutation pattern for each target site was further
characterized. The distribution of the five most frequent alleles
observed around the cleavage site in GmCPR5 loci after electro-
transfection under different pulsing voltages is presented in
Supplementary Figure 1 (700 V and 1,000 V) and Figure 4
(1,300 V). gRNAs produced InDels at corresponding target sites,
which ranged from +1 to —6 nucleotide (nt) in length, and all
induced mutations were observed prevalently at 4th nt upstream of
the PAM site except for target sites with few alleles, which were the
T1 (1,000 V and 1,300 V), T3 (1,300 V), and T5 (1,000 V)
(Supplementary Figures 1B, C; Figures 4B-D). As shown in
Table 1, the highest mutation rate was observed only in
protoplast samples under 1,300 V, in which the five most
frequent alleles were responsible for 6%, 3.14%, and 4% of the
total mutation rates for T1 (8.1%), T3 (3.8%), and T5 (5.7%)
(Figures 4B-D). Further, +1 nt insertion of adenine or thiamine
was found prevalent among the observed InDels in the frequent
alleles for all the target sites (Supplementary Figure 1; Figure 4).
Apart from this, some of the target sites possessed +1 nt insertion of
guanine (T3 under 1,000 V and 1,300 V) and cytosine (T5 under
1,300 V) (Supplementary Figure 1C; Figures 4C, D). A +2 nt
insertion (thiamine and adenine) was also noted for T1 under

T5:AGCTTTAGTAATCCGCTCGTAGG

A

(2034-2056)

T1 (1300V)

1500 bp:.
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MAATAAMTAMTAW-CGKGGAMCUWC GTT WT 91.9 % (2010850 reads)
AGAATAMGGTAMAGGTAAGGCTGCGGCGTTCAAMCGACGGAACCCTAGAGTTCTTGTT +1 4.6 % (1015118 reads)
AGAATAMAGGTAMAGGTAAGGCTGCGGCGTTCAAATCGACGGAACCCTAGAGTTCTTGTT +1 0.7 % (16061 reads)
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TGTAGCAGCCGAGAGTATGTCTCCCAGTCATCTT--CGATGGTAATTTTCTTCCCTATTT -1
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FIGURE 4

ATGGTGCCTATGTTTATTCCTACG-AGCGGATTACTAAGCTACTGAATCATGTACACCA WT 94.3 % (1611873 reads)
ATGGTGCCTATGTTTATTCCTACGAAGCGGATTACTAAAGCTACTGAATCATGTACACCA +1
ATGGTGCCTATGTTTATTCCTACGTAGCGGATTACTAAAGCTACTGAATCATGTACACCA +1
ATGGTGCCTATGTTTATTCCTACG--GCGGATTACTAAAGCTACTGAATCATGTACACCA -1
ATGGTGCCTATGTTTATTCCTACG-====~~ TTACTAAAGCTACTGAATCATGTACACCA -6
ATGGTGCCTATGTTTATTCCTACGCAGCGGATTACTAAAGCTACTGAATCATGTACACCA +1

2.4 % (40956 reads)
0.6 % (9609 reads)
0.4 % (6800 reads)
0.36 % (6273 reads)
0.2 % (399 reads)

CRISPR/Cas9-mediated editing of the exogenous GmCPR5 gene in soybean protoplasts using electro-transfection. (A) GmCPR5 locus, location of
target sites (T1, T3, and T5), and their gRNA sequences. (B—D) Results of T7E1 endonuclease assay for target sites T1, T3 and T5. Lane M: a DNA
ladder. Lane WT: non- transfected wild type (control). Lane Cas9: transfected with SpCas9 only. Lanes T1-T5: electro-transfected with RNPs at
700V, 1,000 V, and 1,300 V. Red arrows indicate the T7E1-mediated cleaved bands. The mutation patterns observed by targeted deep sequencing
for the corresponding target sites of T1-T5 at GmCPRS5 loci by electro-transfection at 1,300 V are shown on the right panel. Wild-type (WT)
nuclease target sequences are in bold and underlined. PAM sites are denoted in red. RNPs, ribonucleoproteins; gRNA, guide RNA.
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TABLE 1 Estimation of mutation rates at GmCPRS5 locus following electro-transfection of Soybean protoplasts.

Protoplast samples

Wild-type negative control

InDel frequency (%) Insertion?® Deletion®
T1(0V) 1,713,502 164 0.009 5 159
T3 (0V) 1,207,415 82 0.006 3 79
T5 (0 V) 1,285,534 239 0.018 0 239
Average 1,402,150 + 128,435.4 161 + 37.01 0.011 + 0.003 2.66 + 1.18 159 +37.71
Cas9 RNP transformants
T1 (700 V) 2,233,489 47,431 2.1 47,238 193
T1 (1,000 V) 1,964,762 72,550 37 39,940 32,610
T1 (1,300 V) 2,186,990 176,140 8.1 142,852 33,288
T3 (1,000 V) 736,342 16,884 23 14,417 2,467
T3 (1,300 V) 1,363,363 51,246 3.8 47,636 3,610
T5 (1,000 V) 1,812,143 69,095 3.8 38,366 30,729
T5 (1,300 V) 1,709,290 97,417 57 60,815 36,602
Average® 1,715,197 + 183,218 75,823 + 17,768 421 £0.72 55,894 + 14,293 19,928 + 5,880

RNP, ribonucleoprotein.

“Numbers of insertions analyzed.

"Numbers of deletions analyzed.

“Values of average and standard deviation error.

700 V (Supplementary Figure 1A). A maximum of —5- and —6-bp
deletions were observed for T1 (1,000 V) and T5 (1,000 and 1,300
V) following treatments, respectively (Supplementary Figures 1B,
D; Figure 4D). In summary, all the mutant alleles have frameshift
mutations, which would result in a complete loss of CPR5 protein
function compared to the wild-type alleles of GmCPR5. The result
analysis from targeted deep sequencing demonstrated that the
electro-transfection of RGEN RNPs using the Neon system can be
used for site-directed mutagenesis in soybean protoplasts.

Discussion

The CRISPR/Cas9 technology has emerged as a powerful tool
for genome editing and crop improvement. Transient gene
expression in leaf mesophyll-derived protoplasts is an excellent
resource for genetic manipulation and genome editing using
CRISPR/Cas9, which enables the high-throughput analysis of
gene functions (Zhu et al., 2016; Xu et al., 2020; Yu et al., 2021).
The efficiency of genome editing highly relies on the transfection
system and delivery methods including PEG-mediated,
electroporation, and microinjection, which have been utilized to
introduce DNA, RNA, or protein into plant cells (Masani et al.,
2014; Subburaj et al., 2016; Lee et al., 2020; Yeap W. et al,, 2021). In
addition to electroporation and microinjection, PEG-mediated
transient expression technology has been predominantly applied
in both model and non-model plants due to their high transfection
efficiency as reviewed by Zhang et al. (2021). To date, there have
been no reports of CRISPR/Cas9-mediated genome editing via
electroporation in soybean species, although several studies have
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utilized it for transfecting plasmid DNA into soybean protoplasts
(Christou et al., 1987; Lin et al., 1987; Dhir et al., 1991). In this
study, we standardized the protocols for the delivery of CRISPR/
Cas9 RNPs into soybean protoplasts using the Neon electroporation
system for the first time. The detection of site-directed mutations
in endogenous targeted genes in this work would provide an
additional and alternative methodology to the PEG-mediated
transient expression technology-based genome editing of the
soybean and their related species.

A stable protoplast isolation method and choice of protoplast
source with high-quality cells are required for efficient transient gene
expression studies (Huang et al., 2013; Li et al., 2018; Lee et al., 2020).
Recently, we developed a successful protoplast isolation method for
unifoliate leaves of soybean (Subburaj et al, 2022). Following this
method, we isolated the protoplasts from trifoliate leaves and
obtained a high quantity (2 x 10° cells) and viability of protoplasts
(70% + 2.1%) in this study. While ensuring high transfection
efficiency in protoplast cells, and at the same time retaining
viability and ability to differentiate (cell division), we have tested
the protoplasts of both unifoliate and trifoliate to the different pulsing
voltages of 500 V to 1,000 V in a pilot study. It was found that
trifoliate cells endure and survive under electrophoretic conditions
compared to the unifoliate cells, as they were greatly damaged after
electroporation, even at 500 V. In addition, the isolated trifoliate cells
had exhibited first protoplast divisions at 5 days after culture
initiation as noted for the unifoliate cells in our previous study
(Subburaj et al., 2022). Cotyledon and zygotic embryo-derived
protoplasts were used in earlier soybean studies for the
electroporation-mediated transient expression of introduced DNA
molecules (Christou et al., 1987; Lin et al., 1987; Dhir et al., 1991).
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In this study, we suggest that trifoliate leaf-derived protoplasts of
Neon electro-transfection would facilitate DNA-free gene editing
using the CRISPR/Cas9 system because of its easy isolation
and manipulation.

Electroporation experiments often need an appropriate buffer to
provide conductivity as well as cell survival. Therefore, we have
investigated the impact of electroporation buffers on protoplasts
survival by electroporating them with three different buffers
including MMG solution, Neon R, and HEPES buffer as those
reported in earlier studies (Dhir et al., 1992; Bhowmik et al., 2018;
Lee et al., 2020). Soybean protoplasts did not survive Neon R and
HEPES buffers but only survived in MMG solution following
electro-transfection, similar to the observed results in cabbage
protoplasts (Lee et al., 2020). Upon electroporation with
optimized protocol, our results revealed that cell survival and
division efficiency decreased with increased pulse voltage. At the
same time, the transfection efficiency was increased when the
protoplasts were subjected to increasing pulse voltage. This
difference might be due to the high electrical pulse applied to
protoplast membranes, but more likely, the cellular damage could
be induced by increasing voltage, which results in cell death. Many
transient pores could also be created on the protoplast membranes
under high voltage, which allows the uptake of exogenous GFP-
Cas9, thereby increasing the efficiency of transfection. The relative
frequency of cell viability was the highest at 500 V (76%) and the
lowest at 1,300 V (57%), suggesting that high voltages could
decrease the survival rate of cells. Similarly, Bhowmik et al.
(2018) also reported that the microspore survival increased with
decreasing voltage, with the highest microspore survival of 50%
noted at 500 V compared to 1,000 V. Moreover, the efficiency of cell
division following 0 V and 500 V was higher than that of other
treatments such as 700 V, 1,000 V, and 1,300 V, indicating that the
pulsing voltages did not affect the process of mitotic divisions of
protoplasts, as they have undergone primary cell divisions at 5 days
after culture initiation. In wheat microspores, the transfection
efficiency has been noted to increase with decreasing voltage
(Bhowmik et al., 2018). In contrast, in cabbage protoplasts, InDel
frequencies increased with increasing voltage (Lee et al., 2020).
GFP-tagged Cas9 was electro-transfected into soybean protoplasts,
the GFP-Cas9 signal was successfully detected in intracellular
compartments of electroporated protoplasts, and the highest
transfection efficiency was noted under 1,300 V (~ 40%)
compared to other treatments (~ 20%-23%), indicating that
electro-transfection efficiency increased with increasing pulse
voltage in soybean protoplasts. This has also corresponded well
with the observed InDel frequency rates from targeted deep
sequencing results. The InDel frequency of GmCPR5 following
sgRNA (T1, T3, and T5) transfection was increased with
increasing pulse voltage from 700 V or 1,000 V to 1,300 V. In
this study, the calculated InDel frequencies of T1 (700 V) and T5
(1,000 V) were slightly higher than the observed InDel frequencies
of 1.2% (750 V) and 3.4% (1,000 V) for PDSI gene in cabbage
protoplasts following electro-transfection (Lee et al., 2020). By PEG-
mediated transfection of RNPs, a very low editing efficiency has
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been achieved in protoplasts of several plant species including
cabbage (0.09%-2.25%) (Murovec et al.,, 2018), Cavendish banana
(0.19%- 0.92%) (Wu et al.,, 2020), wild tobacco (0.01-0.9%) (Kim
etal, 2017), and grapevine (0.1%) (Malnoy et al., 2016). Further, the
targeted deep sequencing results showed that three sgRNAs (T1, T3,
and T5) were induced with various mutation pattern sizes ranging
from +1 to —6 nt in length at targeted sites, which were found
similar to our previous mutagenic CRISPR/Cas9 study in soybean
using PEG-mediated delivery method (Subburaj et al., 2022). Taken
together, in this study, by electro-transfection, we achieved much
higher mutation rates (2.1%-8.1%), suggesting that electro-
transfection may potentially be helpful and applicable to the
abovementioned plant species to improve editing efficiency
compared with the PEG-mediated method.

The high pulse voltage of 1,400 V or 1,250 V has been reported to
be lethal to wheat microspores and cabbage protoplasts (Bhowmik
et al,, 2018; Lee et al,, 2020). In this study, we attempted to electro-
transfect the soybean protoplasts at 1,300 V and found that trifoliate
leaf-derived protoplasts could survive well in post-electroporation, as
it had shown 57% viability and ability to divide in culture. However,
this study expects further improvements to increase transfection
efficiency with a progressive decrease in pulsing voltage within
1,000 V. The regeneration of protoplasts is highly necessary for
DNA-free genome editing systems. In this study, after 12 days in
culture, dividing protoplasts could not form colonies regardless of
treatment of pulsing voltages. This is probably due to the constraining
factors including the recalcitrant nature of soybean, genotype-
dependent response to culture conditions, type of explant, and age
(Wei and Xu, 1988; Cutler et al., 1991; Dhir et al., 1992; Eeckhaut
etal, 2013). As demonstrated in previous studies (Wei and Xu, 1988;
Dhir et al., 1991), well-established protocols exist for the regeneration
of soybean protoplasts. Perhaps a genotype of the perfect donor
species or cultivar of soybean is advisable to improve the chances of
regeneration of gene-edited protoplasts. In addition, the reduction of
non-transfected cells by enriching transfected cells through the
application of a fluorescence-activated cell sorting (FACS) system
could also have a positive effect on the regeneration of successfully
edited cells. Altogether, the protoplast-based gene editing through the
Neon electro-transfection system described in this study provides an
alternative gene editing platform to the PEG-mediated system for
evaluating the efficacy of CRISPR systems as well as gene functional
validations in soybean and other related species.

Conclusion

Our study demonstrated that the CRISPR/Cas9 DNA-free
genome editing is effective and efficient in editing soybean genes
using the Neon electroporation system. In this study, we
demonstrated a time- and cost-efficient in vitro electro-
transfection assay that provides a rapid assessment and evaluation
of gRNA efficiency in soybean protoplasts. The balance between
higher voltages and higher targeted mutagenesis will be the
challenge for future applications of this method. Nevertheless, a
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DNA-free transformation system in soybeans to generate non-
transgenic gene-edited mutants is highly desired to reduce the
occurrence of vector backbone spurious introgressions. This
enabling platform for genome editing may accelerate the
exploration of gene function for trait improvement in soybean
lines. In addition, our study offers new insights into other related
species, such as the pinto bean and other Phaseolus species, that
share similar limitations in genetic transformation and inefficient
tissue culture propagation and regeneration processes using other
non-transgenic approaches.
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Plants consistently encounter environmental stresses that negatively affect their
growth and development. To mitigate these challenges, plants have developed a
range of adaptive strategies, including the unfolded protein response (UPR),
which enables them to manage endoplasmic reticulum (ER) stress resulting from
various adverse conditions. The CRISPR-Cas system has emerged as a powerful
tool for plant biotechnology, with the potential to improve plant tolerance and
resistance to biotic and abiotic stresses, as well as enhance crop productivity and
quality by targeting specific genes, including those related to the UPR. This
review highlights recent advancements in UPR signaling pathways and CRISPR-
Cas technology, with a particular focus on the use of CRISPR-Cas in studying
plant UPR. We also explore prospective applications of CRISPR-Cas in
engineering UPR-related genes for crop improvement. The integration of
CRISPR-Cas technology into plant biotechnology holds the promise to
revolutionize agriculture by producing crops with enhanced resistance to
environmental stresses, increased productivity, and improved quality traits.

KEYWORDS

endoplasmic reticulum (ER) stress, unfolded protein response (UPR), genome editing,
CRISPR-Cas, crop improvement

Introduction

The endoplasmic reticulum (ER) is a crucial organelle responsible for protein folding
and modifications in eukaryotic cells (Schuldiner and Schwappach, 2013). Proper protein
folding is essential for the proper function of secretory and membrane proteins, which
account for approximately 30% of the total proteome (Wallin and Von Heijne, 1998;
Schubert et al., 2000). Various post-translational modifications, such as N-linked
glycosylation, disulfide bond formation, and chaperone-assisted folding, occur in the ER
lumen to ensure proper protein folding (Duwi Fanata et al., 2013). However, protein
folding, occurring within the ER, can be disrupted not only by internal factors, such as
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genetic mutations and hereditary metabolic defects, but also by
external factors, such as biotic and abiotic stresses (Park and Park,
2019). When proteins fail to fold properly or become misfolded due
to these intrinsic or extrinsic factors, their accumulation within the
ER leads to an aberrant cellular condition known as ER stress
(Howell, 2013). To address ER stress, eukaryotic cells activate a
series of compensatory adaptive mechanisms, collectively called the
unfolded protein response (UPR) (Kozutsumi et al., 1988; Harding
et al, 2002). The UPR activates a process that increases the
expression of ER chaperone genes, enhancing the protein folding
capacity of the ER, while also inhibiting protein synthesis and
promoting ER-associated protein degradation (ERAD) to alleviate
the burden of misfolded proteins (Duwi Fanata et al., 2013). When
the UPR is not able to mitigate ER stress, it can lead to apoptosis or
cell death, which may contribute to the development of prominent
stress-related phenotypes, such as inhibited growth or
developmental abnormalities (Hetz, 2012; Angelos et al., 2017).

Numerous studies have reported on the evolutionarily
conserved UPR mechanism in eukaryotes, from yeast to animals
and plants (Chakraborty et al., 2016; Howell, 2021). The UPR has
been extensively characterized in mammals, where it consists of
three ER signaling pathways: activating transcription factor 6
(ATF6), inositol requiring enzyme 1 (IRE1)-mediated splicing
activation of X-box binding protein 1 (XBP1) mRNA, and
double-stranded RNA-activated protein kinase (PKR)-like
endoplasmic reticulum kinase (PERK) (Chakrabarti et al., 2011).
Aberrant UPR has been implicated in a wide range of disease states,
including diabetes, immune and inflammatory disorders, and
cancers (Marciniak, 2019). Thus, signaling pathways of the UPR
have emerged as a potential therapeutic axis for treating various
diseases (Marciniak, 2019). While UPR mechanisms in mammals
have been a subject of extensive research, exploration into the
molecular mechanisms of ER stress responses in plants began more
recently. Early investigations into plant UPR primarily started in the
early 2000s, with a surge of substantial research outputs emerging a
decade later (Koizumi et al., 2001; Noh et al., 2002; Deng et al., 2011;
Nagashima et al., 2011; Moreno et al., 2012). With the advent of
omics technologies, the field of plant UPR research is now
transitioning into a new era characterized by big data. Two ER
stress-transducing pathways have been identified in plants: IREla
and b, which are functional homologs of IREI in mammals, and
basic leucine zipper protein 17 and 28 (bZIP17 and bZIP28), which
are functional homologs of ATF6 in mammals (Kim et al., 2022a).
These pathways are involved in the UPR and perform similar
functions to their counterparts in mammals. However, the
existence of the PERK branch in plants, which is present in
mammalian cells, is still unknown (Bao and Howell, 2017).

In sessile plants, the inherent inability to evade unfavorable
environmental conditions results in frequent exposure to various
abiotic and biotic stresses, such as drought, temperature
fluctuations, salinity, herbicidal exposure, and pathogen infection
(Park and Park, 2019). These stresses detrimentally impact crop
yields, posing significant challenges to global food security.
Furthermore, climate change-induced alterations in pathogen and
insect behavior contribute to substantial reductions in crop
productivity worldwide (Anderegg et al., 2020; Hassani et al,
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2020; Van Houtan et al., 2021; Von Der Gathen et al., 2021;
Zandalinas et al., 2021). Therefore, it is important to better
understand the mechanisms underlying the impacts of these
stresses on various crops. This knowledge will facilitate the
optimization of tolerance and resistance to both biotic and abiotic
stresses, and will ultimately contribute to the optimization of plant
growth, development, yield, and quality (Rivero et al., 2022).

In recent years, CRISPR-Cas-based precise genome editing has
emerged as a powerful tool, enabling the study of molecular
mechanisms associated with ER stress and crop improvements
(Singh et al, 2019; Um et al., 2021). CRISPR-Cas9, initially
discovered in bacteria, has been engineered for use in various
plant species to improve yield, quality, and stress tolerance (El-
Mounadi et al., 2020; Vu et al., 2020a). There are several prospective
strategies in which the CRISPR-Cas-based genome editing
technology can be applied to UPR research. For instance,
researchers can employ CRISPR-Cas to knockout or knockdown
UPR-related genes. By investigating how these engineered plants
respond to ER stress and the phenotypes they exhibit, scientists can
gain valuable insights into the role of the targeted genes in the UPR
pathway (Mishiba et al., 2019; Liu et al., 2020). Furthermore, the
CRISPR-Cas system holds potential for modifying cis-regulatory
elements or promoter regions in the genome, which in turn control
gene expression, to augment stress resilience and other desirable
traits (Lim et al., 2022). In this review, we also discuss several
promising applications and future prospects of employing the
CRISPR-Cas-based genome editing technology for strategic
modifications of genes associated with ER stress responses,
aiming to improve stress tolerance, productivity, and crop quality.

UPR in plant adaptation to biotic and
abiotic stresses

Plant adaptation to environmental stress is a complex process
that involves a range of molecular, physiological, and biochemical
responses. In plant stress response research, the majority of
investigations have focused on single biotic or abiotic elements;
however, the simultaneous presence of both biotic and abiotic
stresses can markedly influence plant growth, productivity, and
viability (Park and Parlk, 2019). To cope with these multiple stresses,
plants initiate a range of signaling pathways and regulatory
processes to preserve homeostasis and adapt to changing
environmental conditions. The UPR is one such mechanism; it is
a conserved response found across eukaryotic organisms, including
plants, and plays a critical role in cellular adaptation to stress
(Chakraborty et al, 2016). The UPR has emerged as a crucial
regulatory mechanism in plant adaptation to combined biotic and
abiotic stresses, allowing plants to cope with the challenges posed by
their environment.

Under heat stress conditions, protein folding becomes
perturbed, and several ER membrane-associated transcription
factors relay stress signals to the nucleus, which in turn activates
stress-responsive genes (Fragkostefanakis et al., 2016; Reyes-
Impellizzeri and Moreno, 2021). It has been discovered that in
diverse plant species, such as Arabidopsis thaliana (Arabidopsis)
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and Zea mays (maize), heat stimulation causes IREl to splice
bZIP60 mRNA (Deng et al, 2011; Li et al, 2012; Neill et al,
2019). The expression of active bZIP60 also elevates the
transcription of heat shock protein (HSP) genes, suggesting a link
between the UPR and the heat shock response mechanism (Li et al.,
2020c). The transcription factor bZIP28 regulates the expression of
UPR-related genes in response to heat stress conditions via a
proteolytic mechanism, which triggers the translocation of
bZIP28 to the nucleus (Iwata et al, 2017). Drought and salt
significantly impact plant development and yield. In response to
salt stress, bZIP17 is cleaved by site-1 proteases (S1P) and
translocated to the nucleus to activate UPR genes (Liu et al,
2007b). It has been shown that the transcription factors bZIP60
and bZIP17 orchestrate the expression of the molecular chaperone
gene, luminal-binding protein 3 (BiP3), as well as several genes
implicated in the response to salt stress conditions (Henriquez-
Valencia et al., 2015). Elevated expression of BiP has been observed
to augment drought tolerance in a variety of plant species, such as
Glycine max (soybean), Nicotiana tabacum (tobacco), and
Arabidopsis (Coutinho et al., 2019). Infection by pathogens has
been shown to induce ER stress in plants, with the IRE1-bZIP60
signaling pathway playing a crucial role in mounting a defense
against the fungal pathogen, Alternaria alternate (Xu et al., 2019).
Plants with mutations in IREI and bZIP60 are more susceptible to
bacterial and viral infections (Moreno et al., 2012). In Nicotiana
benthamiana, UPR was activated by the Geminivirus satellite-
encoded BC1, which induces the nuclear export of NbbZIP60 to
evade the plant defense response (Zhang et al., 2023). Overall, these
findings indicate that various biotic and abiotic factors can disrupt
protein folding capacity and activate the UPR in plants. As
environmental stresses continue to impact global agriculture, the
role of the UPR in facilitating plant adaptation to combined biotic
and abiotic stresses is becoming a more significant area of research.
Investigating the function of the UPR in plants has the potential to
enhance crop improvement and sustainable agriculture practices,
making the study of UPR activation in response to stress in plants
increasingly important for agricultural research.

UPR pathways in plant cells:
mechanisms and regulation

The UPR constitutes a crucial regulatory process in plant cells,
which is activated upon the presence of misfolded or unfolded
proteins stress (Howell, 2021). Comprehensive investigations have
been conducted to elucidate the UPR pathways in a range of plant
species, encompassing maize, Oryza sativa (rice), Solanum
lycopersicum (tomato), soybean, tobacco, and Arabidopsis (Lu
et al., 2012; Czekus et al., 2020; Pastor-Cantizano et al., 2020;
Czekus et al, 2022; Yang et al, 2022). In plants, the UPR is
mediated through two distinct signal transduction pathways. The
initial pathway, referred to as the IREI pathway, is facilitated by
IRE1 and involves two isoforms in Arabidopsis, IREla and IRE1b
(Figure 1) (Koizumi et al., 2001; Noh et al., 2002; Moreno et al.,
2012). IREla and IRE1b possess homologous cytoplasmic regions
characterized by the presence of a kinase domain, but exhibit
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functional divergence (Noh et al, 2002). IREla is primarily
required for biotic stresses, while IRE1b plays a predominant role
in abiotic stresses (Deng et al., 2011; Afrin et al, 2020). An
additional isoform of IREl, designated as IRE1C, has been
identified as unique to plants (Mishiba et al, 2019). Recent
evidence has shown that IRE1 promotes balanced cell expansion
by restricting the Target of Rapamycin (TOR) kinase-dependent
control of cellular differentiation (Angelos and Brandizzi, 2022).
However, its precise role in the UPR remains to be elucidated.
Under ER stress conditions, BiP binds to unfolded proteins,
dissociating IRE1, which then undergoes trans-
autophosphorylation and dimerization (Figure 1). The
endonucleases IREla and IRE1b facilitate the removal of a 26-
nucleotide intron from bZIP60 mRNA, resulting in the production
of the spliced variant bZIP60s, which encodes an active
transcription factor (Figure 1) (Deng et al., 2011; Nagashima
et al.,, 2011; Li et al.,, 2012; Moreno et al,, 2012; Li et al., 2022).
Upon activation, bZIP60s translocates to the nucleus, where it
promotes the expression of genes associated with ER stress
(Figure 1) (Iwata et al., 2008; Deng et al., 2011; Nagashima et al,,
2011; Moreno et al., 2012; Hayashi et al., 2013; Sun et al., 2013; Xu
et al., 2019). Under severe or prolonged ER stress, IRE1 also
degrades many mRNAs on the ER membrane encoding secretory
pathway proteins through a selective cleavage mechanism referred
to as regulated IRE1-dependent decay (RIDD) (Figure 1) (Mishiba
et al,, 2013; Hayashi et al,, 2016). The recent findings indicate that
AtIREI determines cell fate during ER stress by balancing the UPR
and the ubiquitin-proteasome system (UPS) via a key pro-death
component, phosphatase type 2CA (PP2CA)-interacting finger
protein 1 (PIR1). However, the mechanism by which AtIRE1
regulates PIR1 remains unknown (Ko et al., 2023).

The second pathway involves membrane-associated bZIP
transcription factors bZIP17 and bZIP28, which are functional
homologs of mammalian ATF6 (Liu et al., 2007a; Liu et al,
2007b). Under normal conditions, bZIP17/28 is retained in the
ER due to its binding to the BiP protein (Figure 1) (Liu et al., 2007a;
Srivastava et al., 2013; Srivastava et al., 2014; Henriquez-Valencia
et al, 2015). Under ER stress conditions, bZIP17 and bZIP28
dissociate from BiP, become mobilized, and undergo
translocation to the Golgi apparatus through coat protein
complex II (COPII) vesicle-mediated transport (Figure 1)
(Srivastava et al, 2012). In the Golgi apparatus, they undergo
proteolytic processing by two resident site proteases, S1P and
S2P, releasing their transcription factor (TF) domains (Figure 1)
(Manghwar and Li, 2022). Subsequently, these TF domains
translocate to the nucleus, where they act as transcription factors,
enhancing the expression of ER stress-associated genes (Figure 1)
(Liu et al., 2007b; Li et al., 2010; Liu et al., 2022). Nonetheless, a
recent investigation has demonstrated that the activation of bZIP28
occurs through a sequential process involving S2P and as-yet-
unidentified proteases, rather than S1P-mediated cleavage (Sun
et al., 2015; Iwata et al., 2017). Both bZIP17 and bZIP28 can bind
to ER stress response elements (ERSEs) and unfolded protein
response elements (UPREs) at the promoter region of UPR-
related genes, including BiPs (Figure 1) (Liu and Howell, 2010;
Gao et al, 2022). Moreover, bZIP28 can interact with Nuclear
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The UPR in plants: a signaling network coordinating ER homeostasis and s

tress adaptation. The UPR is activated by the accumulation of unfolded

proteins in the ER due to various factors (top left of figure). BiP binds to unfolded proteins, leading to dissociation of IRE1la and IRE1b. Activated IRE1

then cleaves a specific intron from bZIP60u mRNA, generating bZIP60s m

RNA. bZIP60s, a potent transcriptional activator, translocates to the

nucleus and binds to UPREs and ERSEs in target gene promoters, inducing the expression of stress-responsive genes. In addition to its role in
splicing bZIP60 mRNA, activated IRE1 is also involved in a process called Regulated IRE1-dependent decay (RIDD). Under conditions of chronic
stress, IREL hyper-activates and cleaves additional mMRNAs through RIDD. The bZIP17 and bZIP28 pathway is activated by ER stress in plants.
Unfolded proteins bind to BiP, causing bZIP17 and bZIP28 to dissociate from the ER membrane. These transcription factors are transported to the
Golgi, where proteolytic cleavage mediated by S1P and S2P enzymes releases their N-terminal domains. The N-terminal domains contain the

necessary domains for their function as transcription factors. Upon translo

cation to the nucleus, they bind to ERSE-1 sequences in target gene

promoters, inducing the expression of UPR-associated genes encoding ER chaperones and ERAD proteins involved in protein folding, quality
control, and degradation within the ER. GCN2 is a kinase activated by dimerization and autophosphorylation in response to endoplasmic reticulum
stress. It phosphorylates elF2a, leading to widespread inhibition of mMRNA translation. However, a specific group of uncapped mRNAs with upstream
open reading frames (UORFs), such as TBF1 mRNA, are selectively translated. TBF1, a heat-shock factor-like transcription factor, binds to the TLI cis-
element, crucial for inducing BiP2 and CRT3. TBF1 also plays a role in coordinating developmental processes with stress responses, particularly in
the growth-to-defense transition. During ER stress, ER chaperones assist in proper protein folding, while ERAD proteins eliminate irreversibly

misfolded proteins. ERAD initiation involves OS9 recognizing the N-glycan
Hrd3-0OS9 complex, along with UBC32, the E2 enzyme, promotes ubiquiti
This process helps restore ER homeostasis by removing unfolded proteins

transcription factor Y (NF-Y) and form a transcriptional complex
to upregulate UPR-related genes (Liu and Howell, 2010). Typically,
bZIP17 and bZIP28 exhibit comparable activation patterns in
response to ER stress inducers, including chemicals like
tunicamycin (TM) or dithiothreitol (DTT), cadmium (Cd) as well
as environmental stresses such as heat stress and viral infections
(Liu et al., 2007b; Li et al., 2010; Gao et al., 2022; Li et al., 2022; De
Benedictis et al., 2023). However, they show differences in
sensitivity in certain environmental stresses. For instance, under
salt stress conditions, bZIP17 elevates the expression of the
chaperone BiP3, whereas bZIP28 participates in responses to
pathogen infections (Henriquez-Valencia et al., 2015; Qiang
et al., 2021).

Although the PERK pathway, which is present in mammals, has
not been identified in plants, General Control Non-repressible 2
(GCN2) has been identified as an orthologue of the elF2o. kinase
that responds to both abiotic and biotic stresses (Yu et al., 2022).
Recently, Arabidopsis GCN2 was shown to activate the translation
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on a misfolded protein and associating with SellL/Hrd3. The Hrd1-SellL/
nation (Ub) of the misfolded protein for subsequent cytosolic degradation.
that could disrupt cellular functions.

of a heat-shock factor-like transcription factor, TL1-binding
transcription factor 1 (TBF1), which contains upstream open
reading frames (uORFs) within its 5 untranslated region (5’
UTR) (Figure 1) (Liu et al., 2019). This process is initiated in
response to pathogen invasion, subsequently triggering specific
transcriptional reprogramming through the expression of target
genes (Lageix et al., 2008; Pajerowska-Mukhtar et al., 2012; Liu
et al., 2019).

Role in maintaining ER homeostasis and
protein quality control

In situations of excessive or prolonged ER stress, where UPR
mechanisms cannot restore protein folding, the ERAD system
facilitates the clearance of terminally aberrant proteins, thus
maintaining ER homeostasis (Vembar and Brodsky, 2008; Hwang
and Qi, 2018). The ERAD comprises a multistep process, which
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includes the identification of cargo proteins, retro-translocation of
substrates to the cytoplasm through an ER membrane channel,
ubiquitination of ER proteins by ubiquitin enzymes, and
subsequent degradation of ubiquitinated substrates via the 26S
proteasome (Figure 1) (Chen et al., 2020). The ERAD machinery
has been extensively studied in yeast and mammals (Ye et al., 2001;
Sato et al., 2009; Avci and Lemberg, 2015; Habeck et al., 2015;
Schoebel et al., 2017). In recent years, several ERAD components
have been identified and characterized in plants (Chen et al., 2022).
The N-glycans of misfolded proteins are recognized by
osteosarcoma amplified 9 (0S9), which associates with the
suppressor enhancer Linl2 1 like (SellL)/HMG-CoA reductase
degradation protein 3 (Hrd3)/HMG-CoA reductase degradation 1
(Hrdl) complex (Figure 1) (Duwi Fanata et al., 2013). Protein
associated with Hrd1-1/2 (PAWH1/2) interaction with EMS-
mutagenized Bril suppressor 7 (EBS7) indirectly associates with
Hrdl, regulating the stability and activity of the E3 ligase (Figure 1)
(Liu et al., 2015; Lin et al., 2019). Therefore, Hrd1 has the potential
to target UBC32, an E2 enzyme located on the ER membrane of
Arabidopsis. UBC32 is responsible for the ubiquitination of
aberrant proteins that is induced by stress, leading to their
subsequent degradation in the cytosol via the proteasome
pathway (Figure 1) (Cui et al., 2012; Chen et al, 2017; Chen
et al., 2020).

ERAD, an important proteolytic pathway crucial to protein
quality control, appears as a key factor in various studies associated
with the enhancement of plant resistance to environmental stresses,
productivity increase, and quality improvement. ERAD is a
significant mechanism in plants for responding to environmental
stresses, showing resistance capabilities to heat stress, drought, and
salinity (Li et al., 2017; Strasser, 2018). In various plant species,
evolutionarily conserved homologous ERAD components appear to
be associated with stress tolerance and plant defense pathways
elucidated two evolutionarily conserved ERAD pathways, DOA10
and HRDI, responding to heat stress in Arabidopsis (Liu and Li,
2014; Li et al., 2017; Strasser, 2018; Huber et al., 2021). This study
demonstrated that loss-of-function mutants exhibited a higher
survival rate and lower electrolyte leakage compared to the wild-
type plants, enhancing plant resistance to heat stress (Li et al., 2017;
Strasser, 2018). ERAD influences plant productivity by managing
ER stress caused by protein misfolding. In this context, Ohta and
Takaiwa (2015) showed that OsHrd3 is necessary for maintaining
the quality of ER-derived protein bodies in rice endosperm (Ohta
and Takaiwa, 2015). Additionally, Wakasa et al. (2011) proposed
the possibility of improving the protein quality of rice through the
role of ER stress response and ERAD (Wakasa et al, 2011).
However, further research is necessary for a comprehensive
understanding of ERAD associated with enhancing plant stress
resistance, productivity, and quality.

CRISPR-Cas system as a versatile genome
editing tool in plants

The CRISPR-Cas system is an adaptive immune mechanism
used by bacteria to defend against the invasion of bacteriophages
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(Mojica et al., 2005). The system comprises an endonuclease (Cas)
and a guide RNA (gRNA) that together form a ribonucleoprotein
complex. The Cas complex locates and binds to a target dsDNA
with the help of the guidance of gRNA. Once the complex is
activated, the Cas enzyme cleaves the phosphodiester bonds of
both strands, creating a double-stranded break (DSB) in the target
DNA (Barrangou et al, 2007). The cells repair the DSB using
nonhomologous end-joining (NHE]J) or homologous
recombination (HR) (Figure 2A), which may result in mutations
or modifications in the DNA sequence, thereby achieving gene
editing (Jinek et al., 2012; Cong et al., 2013; Dickinson et al., 2013;
Schwank et al., 2013; Van Vu et al., 2019).

Since its repurposing for customized DNA cleavages and
subsequent gene editing in 2012, the CRISPR era has begun
(Jinek et al., 2012). The technology, recognized for its potential in
precise genome engineering, has proven valuable in agriculture and
various other fields, paving the way for numerous applications and
advancements (Chen et al., 2019). As of today, there are two classes,
six types, and over 30 subtypes of the CRISPR-Cas system that
function in DNA or RNA targeting or other activities (Koonin and
Makarova, 2022). The system has not only been repurposed as
molecular scissors but also for other applications such as
transcriptional regulations (Cheng et al., 2013; Qi et al, 2013).
Furthermore, the editing scope has expanded from single bases
(Figure 2B) (Komor et al., 2016; Gaudelli et al., 2017; Chen et al,,
2021; Kurt et al., 2021; Tong et al,, 2023) to small DNA changes
with prime editing (Figure 2C) (Anzalone et al, 2019; Lin et al,
2020) and microhomology-mediated precision short DNA
replacement (Tien Van et al, 2022), extending to kilobase-gene
targeting, thereby establishing it as a versatile tool for genome
editing (Dickinson et al., 2013; Schwank et al., 2013; Chen et al,,
2019; Vu et al., 2020b).

The CRISPR-Cas system has been extensively utilized in plant
biology and crop engineering, with a wide range of applications
developed for editing target genes in both monocot and dicot
species (Chen et al, 2019; Zhu et al, 2020). These applications
include simple edits with indel mutations as well as HR-based
precise gene replacement (Feng et al., 2013; Li et al., 2013; Nekrasov
etal, 2013; Chen et al,, 2019; Vu et al,, 2020b). Due to the versatility
of the CRISPR system, it has emerged as a valuable tool for
achieving high efficiency in gene editing in plants, proving to be a
significant asset in advancing plant biology and crop improvement
research (Chen et al., 2019; Zhu et al., 2020; Tien Van et al., 2022).

Exploring the versatility of CRISPR-Cas
system in UPR pathways

The CRISPR-Cas system is a versatile tool with numerous
applications, including gene functionalization and regulation.
Cas9 complexes act like molecular scissors and can theoretically
cleave any genomic site of interest if a PAM motif is present.
Previously, researchers relied on knockout lines generated by T-
DNA insertion, random mutagenesis, or RNA interference (RNAi)-
based downregulation lines to assess gene function (Howell, 2013;
Pucker et al., 2021). However, these methods have limitations such
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CRISPR-Cas-Mediated Gene Editing. (A) CRISPR-Cas9-Mediated Gene Editing through Double-Stranded Break (DSB) Repair. The CRISPR-Cas
complex cleaves both strands of the target DNA, resulting in a DSB. The repair of the DSB predominantly occurs through two pathways:
nonhomologous end joining (NHEJ) and homologous recombination (HR). NHEJ usually restores the original DNA sequence, but it can lead to
imperfect repair and DNA insertion or deletion mutations, particularly during intense DSB formation. HR precisely inserts the desired sequence
(green sticks) into the genomic region using a DNA donor template with homologous ends to the DSB terminals. (B) DNA base editors for genome
editing. Base editing involves a deaminase, usually fused with a Cas9 (nCas9°%4) nickase, to remove an amino group from a nucleobase on the non-
target strand. The deaminated base is then repaired via base excision or nucleotide excision repair, resulting in base transitions or transversions.
Depending on the type of deaminase used, base conversion can lead to transitions, such as cytidine deaminase for C/G to A/T in cytosine base
editors (CBE), or A/T to G/C in adenine base editors (ABE). Adding uracil DNA N-glycosylase inhibitors (UGI) enhances CBE efficiency. Base
transversions can be achieved by adding uracil DNA N-glycosylase (UNG) to CBE (C/G to G/C in CGBE), N-methylpurine N-glycosylase to ABE (A/T
to C/G or T/A), or by using UNG alone (G/C to C/G or T/A with GYBE). (C) Prime editing for precise DNA modification. The prime editing utilizes a
pegRNA and a reverse transcriptase (RT) enzyme fused to the C-terminal of a nCas9"®*%*_ |t copies genetic information from the 3’ extension of the
pegRNA into the nicked end on the non-target strand. By introducing desired genetic changes within the RT template of the 3" extension, prime
editing enables precise genetic modifications at the target site. Prime editing allows for a wide range of precise DNA changes within a genome,
including various types of base conversion, DNA insertion, and deletion.

10.3389/fpls.2023.1271368

as complex T-DNA integration events (Tamura et al, 2016) or
residual gene activity in downregulated lines (Santillan Martinez
et al,, 2020), which lead to complicated analysis. The emergence of
CRISPR-Cas technology has revolutionized the study of gene
function in plants, as knockout lines generated by CRISPR-Cas
tools are more precise and cleaner than traditional methods (Tien
Van et al, 2022). The CRISPR-Cas system is highly efficient,
customizable, simple, and cost-effective, making it an accessible
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tool for labs worldwide (Ahmadzadeh et al., 2019; Chen et al., 2019;
He et al., 2023).

Although CRISPR-Cas has been used extensively for gene
regulation and functionalization since its discovery in 2012, its
application in studying ER stress response is relatively recent and
began in 2019 (Mishiba et al., 2019; Liu et al., 2020). Even though a
few CRISPR-Cas-related studies have been conducted in this field,
there is still considerable potential for further functional exploration

frontiersin.org


https://doi.org/10.3389/fpls.2023.1271368
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Vu et al.

of genes involved in ER stress signaling using this technology
(Tables 1, 2). Early research using CRISPR-Cas to study ER stress
response focused on the Arabidopsis genes Protein Associated with
PAWHI1 and PAWH2 (Table 1) (Lin et al., 2019). These genes are
essential components of the ERAD pathway (Lin et al., 2019) and
play vital roles in mitigating environmental stress such as salinity
(Liu et al, 2011). The PAWH genes were induced by ER stress and
contributed to the stabilization of the UPR sensing complexes
mediated by the EBS7 and Hrdl (Lin et al,, 2019). Additionally,
the IRE1-mediated RNA splicing of AtbZIP60 is a critical aspect of
the UPR pathway in ER stress responses (Yu et al, 2022). To
investigate the role of IRElb in the signaling arm, the sensor
domain-coding region of the gene was deleted using dual gRNA
CRISPR-Cas9 complexes in the irela/c mutant background
(Table 1) (Mishiba et al., 2019). The IRE1b-edited lines exhibited
similar effects on BiP3 and PR-4 transcription as the irela/b mutant
lines and bZIP60 RNA splicing as the irela/c mutants. However,
there was no evidence of growth defects or seed set reductions in the
mutant lines (Table 1) (Mishiba et al., 2019).

TABLE 1 Recent studies related to the UPR that used CRISPR-Cas9 tools.

10.3389/fpls.2023.1271368

In rice, the IRE1-mediated RNA splicing in ER stress responses
is also conserved, and the OsbZIP74 (also known as OsbZIP50) is
the ortholog of AtbZIP60 (Lu et al., 2012). Modified OsbZIP74 is
transported to the nucleus and upregulates UPR-related genes,
including several membrane-associated NAC transcription
factors. In a recent study, researchers utilized the CRISPR-Cas9
gene-editing system to generate knockout mutants of OsNTL3,
confirming its role as a transcriptional activator of OsbZIP74
(Table 1) (Liu et al, 2020). The investigation also showed that
OsbZIP74 positively regulates the transcription of OsNTL3 under
heat stress conditions. Additionally, the study revealed that the loss
of OsNTL3 function results in increased heat sensitivity in rice
seedlings (Table 1) (Liu et al,, 2020). OsbZIP60 has been identified
as a critical regulator of grain chalkiness, a stress-related phenotype
in rice (Hayashi et al., 2012; Takahashi et al., 2012; Yang et al,,
2022). To understand the role of OsbZIP60 in managing this
response, 0sbzip60 knockout mutants were created using CRISPR-
Cas9 gene-editing technology. In these mutants, upregulation of
several chaperone genes, including OsbZIP50, OsBiP1, OsBiP2, and

Plant Gene function Reference
species
PAWHI and Arabidopsis Plant-specific components of ERAD complex The pawhlpawh2 double mutants suppressed the (Lin et al,,
PAWH2 thaliana dwarf phenotype of the corresponding bril-5 2019)
IREIB Arabidopsis Splicing of bZIP60-encoding mRNA Deletion of the IRE1B’s sensor domain by (Mishiba
thaliana CRISPR-Cas9 showed no growth defect and seed et al., 2019)
set reduction
OsNTL3 Oryza sativa Regulation the expression of OsbZIP74 and other = The nt13 mutant plants showed more sensitive (Liu et al.,
UPR related-genes involved under heat stress phenotype to heat stress treatment 2020)
conditions
TAN2, IAN3, Arabidopsis Regulation of the HSR, UPR, and cell death The single mutants (ian3, ian5, ian6) and double (Lu et al,,
IAN4, IANS, thaliana and mutants (ian2ian3, ian4ian5) showed less barren 2021)
IANG6, OsIANI, Oryza sativa siliques along their main inflorescences than wild
and OsIAN2 type

Sec23 isoforms

Physcomitrium

Influencing ER to Golgi apparatus trafficking and

The sec23d mutant showed smaller phenotype and

(Chang et al,,

patens secretion to the plasma membrane fewer gametophores than the wild type, while the 2022)
quintuple sec23abcfg mutant have no detectable
growth defects
OsHLPI Oryza sativa OsHLP1 promotes disease resistance by The oshlpl mutant showed compromising blast (Meng et al,,
compromising ER homeostasis when plants are disease resistance in rice 2022)
infected by pathogens
OsNTL6 ER homeostasis in rice during infection of The osntl6 mutant plants showed enhanced
Magnaporthe oryzae disease resistance compared with wild type plants
OsbZIP60 Oryza sativa OsbZIP60 regulates the formation of grain The osbzip60 mutant plants showed high grain (Yang et al,,
chalkiness in rice via UPR chalkiness rate and white floury endosperm 2022)
OsbZIP50 OsbZIP50 played an important role in the The 0sbzip50 mutant plants had high grain
formation of grain chalkiness chalkiness rates
NOBIRO6/ Arabidopsis NOBIRO6/TAF12b contributes to UPR- The nobiro6 mutant plants rescue the root growth (Kim et al.,
TAFI12b thaliana associated root growth control defect characteristic of the bzip17bzip28 double 2022a)
mutant
NbbZIP60 Nicotiana Geminivirus satellite-encode BC1 activates UPR, The nbbzip60 mutant plants showed milder (Zhang et al.,
benthamiana induces bZIP60 nuclear export, and manipulates curling symptoms than the wild type plants after 2023)

Frontiers in Plant Science

the expression of bZIP60 downstream genes to
benefit virus infection

90

inoculating these plants with TYLCCNV/
TYLCCNB through agro-infiltration.
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TABLE 2 Recent promoter editing studies that used CRISPR-Cas9 tools.

10.3389/fpls.2023.1271368

No. Target Plant Promoter edited regions Impact Reference
gene species
1 OsRAV2 Oryza sativa Mutation in the GT-1 element regions of Induced salt stress response (Duan et al,,
OsRAV2 2016)
2 ARGOS8 Maize Mutation of negative maize GOS2 promoter of = Enhanced drought stress conditions in the field (Shi et al., 2017)
ARGOSS8
3 SWEET11/13/ Oryza sativa Mutation in the EBEs in the SWEET11/13/14 Improved Xanthomonas oryzae pv. Oryzae (Oliva et al.,
14 promoters resistance 2019)
4 LsGGP2 Lactuca sativa Mutation in the uORFs of LsGGP2 Increased tolerance to oxidative stress and (Zhang et al.,
ascorbate content 2018)
5 AtTBF1 Arabidopsis Strategy of mutation in the uORFs of AtTBF1 Expectation in response to pathogen attack (Vuong et al,,
thaliana 2023)

OsBiP3, was observed, leading to varying degrees of grain
chalkiness. This result indicates that OsbZIP60 plays a critical role
in regulating rice grain chalkiness and maintaining ER homeostasis
(Table 1) (Yang et al., 2022). In another study, the roles of two bZIP
transcription factors, bZIP17 and bZIP28, in the UPR pathway were
explored (Liu et al, 2007a; Liu et al., 2007b). The bzipl7bzip28
double mutant displayed stress-related phenotypes, including
severe dwarfism, low germination rate, and short roots, compared
to the wild-type plant (Kim et al., 2018). To unravel the underlying
mechanisms associated with the observed stress-related phenotypes,
a suppressor mutant named nobiro6 was created within the
bzip17bzip28 background using CRISPR-Cas9 technology. This
triple mutant, bzipl17bzip28nbr6, demonstrated a partial rescue of
root growth, highlighting the role of NOBIRO6/TAFI12b as a
transcription cofactor in UPR-associated root growth control
(Table 1) (Kim et al., 2022b). In a recent study aiming to
understand the role of NbbZIP60 in plant defense responses to
pathogens, nbbzip60 knockout mutants were generated using
CRISPR/Cas9-based technology (Zhang et al., 2023). These
knockout mutant plants showed a reduced amount of viral DNA,
leading to milder leaf curling symptoms compared to wild-type
plants under virus infection (Table 1). These findings highlight how
CRISPR-Cas9 technology is enabling a deeper understanding of
UPR in plants, opening avenues for enhancing plant
stress resistance.

CRISPR-Cas mediated dissection of ER
stress and plant responses to biotic
stresses

The CRISPR-Cas system offers a significant advantage in
generating multiple gene mutations through multiplexing
methods with multiple gRNAs. For instance, it was used to
generate various mutated variants in single and combinations of
UPR-related genes encoding for immune-associated nucleotide-
binding (IAN) proteins in Arabidopsis (Table 1) (Lu et al., 2021).
In the study, IAN2 to IAN6 were found to be located at a single
locus on chromosome 1 by genome-wide association study
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(GWAS) (Lu et al,, 2021). The efficient CRISPR-Cas9 system was
used to create single, double, triple, and quadruple IAN gene
mutations that were crucial for gene functionalization.
Interestingly, the ian mutants, particularly the ian6 knockout
lines, exhibited enhanced heat tolerance during the reproductive
stage in both Arabidopsis and rice (Table 1) (Lu et al., 2021). The
IANG protein has been discovered to localize to the ER, where it
suppresses HSP and UPR-related gene expression and promotes
programmed cell death during the reproductive stage (Table 1) (Lu
et al, 2021). In a similar manner, multiplexed editing has been
effectively used to generate combined knockout mutations in genes
associated with COPII-mediated vesicle trafficking from the ER to
the Golgi apparatus (Chang et al., 2022). The COPII complex is
involved in transporting bZIP28 proteins to the Golgi for processing
and subsequent release into the cytosol during ER stress (Srivastava
etal, 2012; Howell, 2013). In plants, Sec23 and Sec24 combine with
Sarl to form the inner layer of COPII vesicles. Several isoforms of
the Sec23 were shown to form distinct ER exit sites with differential
effects on protein trafficking and growth (Yoshihisa et al., 1993;
Zeng et al., 2015). The sec23d mutant significantly hindered ER-to-
Golgi transport, whereas the quintuple sec23abcfg mutant primarily
impacted protein secretion to the plasma membrane (Table 1)
(Chang et al., 2022).

Plant responses to biotic stress, such as those induced by
phytopathogens, require the maintenance of ER homeostasis. In
rice, OsHLP1, which is induced by Magnaporthe oryzae infection,
has been shown to interact with OsNTL6. This interaction
suppresses the accumulation of OsNTL6, leading to the activation
of genes involved in plant immunity and resulting in enhanced
disease resistance (Meng et al., 2022). CRISPR-Cas9 knockout
mutants of OsHLP1 displayed reduced disease resistance,
suggesting that OsHLP1 positively regulates blast resistance in
rice (Table 1) (Meng et al., 2022). In contrast, the OsNTL6
protein acts as a negative regulator of blast disease resistance;
overexpression lines led to increased Magnaporthe oryzae
infection, while knockout lines generated using CRISPR-Cas9
showed reduced infection compared to wild-type plants (Table 1)
(Meng et al., 2022). Recent application of CRISPR-Cas technology
in studying ER stress and plant responses to biotic stress has
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provided valuable insights into critical components of these
pathways (Lin et al.,, 2019; Mishiba et al., 2019; Liu et al., 2020;
Lu et al, 2021; Chang et al,, 2022; Meng et al.,, 2022). By using
CRISPR-Cas to edit the genome of plants, researchers can generate
mutations in UPR-related genes to study their function and
determine their role in the UPR pathway. Overall, the CRISPR-
Cas system has revolutionized the field of genetics and has
significant implications for the study of gene function in plants,
including UPR-related genes.

Enhancing stress tolerance and crop
improvement through the CRISPR-
Cas mediated modification of cis-
regulatory elements

Cis-regulatory elements (CREs) are noncoding DNA
sequences that incorporate transcription factors and other
molecular binding sites, such as promoters and enhancers,
which influence transcription (Wittkopp and Kalay, 2011;
Wolter et al., 2019). The promoter regions of most plant UPR-
related genes contain a consensus cis-acting element known as the
ERSE and/or the UPRE (Liu and Howell, 2010; Howell, 2013;
Nawkar et al., 2017). Several studies have underscored the
significant potential of crop improvement through the editing of
regulatory sequences to adjust gene expression levels, thereby
generating novel phenotypic variants (Wolter and Puchta, 2018;
Wolter et al., 2019). For instance, the RAV2 gene, which is
transcriptionally induced by salt stress in rice, was subjected to
CRISPR-Cas-mediated engineering to modify the GT-1 element in
the promoter, revealing that the GT-1 element directly governs the
salt stress response (Table 2) (Duan et al., 2016; Li et al., 2020b). In
maize, ARGOSS8, a negative regulator of ethylene responses,
enhances drought tolerance (Table 2) (Shi et al,, 2015). Plants
edited with CRISPR-Cas9 to replace the native promoter region of
the ARGOS8 gene with the GOS2 promoter demonstrated
increased grain yield under drought stress conditions in the field
(Table 2) (Shi et al.,, 2015; Shi et al., 2017; Wang et al., 2022).
Similarly, the removal of a regulatory fragment containing a
transcription-activator-like effector (TALe)-Binding Element
(EBE) in the promoter of SWEET11 via CRISPR/Cas resulted in
improved disease resistance in rice, without affecting fertility
(Table 2) (Li et al., 2020a). This development presents a clear
advantage over the sterile phenotype of the Ossweetl] knockout
mutant, which is unsuitable for crop improvement. Recently,
genome editing of EBEs in SWEET promoter genes led to
broad-spectrum bacterial blight resistance in rice (Table 2)
(Oliva et al., 2019). While predicting the effects of gene
expression regulation by manipulation of various CREs,
including ERSEs and UPREs, and the resulting phenotypic
changes could be difficult, the modification of CREs by CRISPR-
Cas holds the potential to be a critical strategy not only for
studying UPR signaling pathways, but also for breeding plants
with stress tolerance and desirable traits (Figure 3A).
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Upstream open reading frames as
regulatory elements and CRISPR-Cas9
applications for crop improvement

The uORFs are essential regulatory elements located in the 5’
UTR of main open reading frames (mORFs). Recent bioinformatics
analyses estimate that approximately 35% of total plant transcripts
contain uORFs (Silva et al., 2019; Li et al., 2021). These uORFs are
known to act as inhibitors, repressing the initiation of mORF
translation via ribosome stalling (Silva et al., 2019; Zhang et al,
2020). A recent research indicates that uORFs possess the ability to
regulate gene expression in response to environmental stresses, as
they control specific master regulators involved in stress responses
(Zhang et al, 2020). Under adverse environmental conditions,
stress-responsive transcripts containing uORFs are upregulated,
suggesting that CRISPR-Cas9-mediated uORF editing could be a
promising approach to enhance gene expression for crop trait
improvement (Figure 3B) (Um et al, 2021). For example, the
application of CRISPR-Cas9 editing to the uORF of LsGGP2 in
Lactuca sativa (lettuce) has yielded promising results,
demonstrating increased tolerance to oxidative stress and a
substantial 150% increase in ascorbate content (Table 2 and
Figure 3B) (Zhang et al, 2018). Similarly, in Arabidopsis, TBF1
plays a critical role in the growth-to-defense transition in response
to pathogen attack (Table 2) (Traubenik et al., 2021). Under normal
conditions, two uORFs in TBF1 inhibit AtTBF1 translation;
however, upon pathogen infection, these inhibitory effects are
relieved, allowing TBF1 to regulate and induce the expression of
defense-related genes (Table 2 and Figure 3B) (Pajerowska-
Mukhtar et al., 2012). These findings suggest that CRISPR-Cas-
based gene editing can be used to remove or generate uORF
sequences in target genes. This strategy can be used to increase or
decrease protein translation levels, and applied to develop crops
with improved traits, including stress resistance (Vuong et al,
2023). In conclusion, CRISPR-Cas9-mediated uORF editing
represents a promising avenue for enhancing plant resilience to
environmental stresses and advancing crop trait improvement.

Strategies for enhancing ER stress
tolerance in plants using CRISPR-Cas9

Regulating plant responses to ER stress is essential for
enhancing crop productivity and survival rates. To address this
gap, we propose several strategies for using CRISPR-Cas tools to
enhance ER stress tolerance in plants. One approach involves
editing genes that directly or indirectly regulate the UPR signaling
pathway. However, it is important to note that a thorough
understanding of the roles of the targeted genes is necessary for
designing an effective editing strategy. The most straightforward
method for breeding ER stress tolerance using CRISPR-Cas
complexes involves introducing indel mutations into the coding
sequences of targeted genes and selecting knockout lines. The
fundamental concept behind employing simple indel mutations to
improve crop performance is to target genes known to regulate a
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FIGURE 3

Strategies for prospective editing of ER stress signaling components to enhance stress tolerance. (A) CRISPR-Cas9 can be effectively employed to
edit the promoter region of target genes in order to modulate gene expression. The promoter region contains important cis-regulatory elements
(CRE, brown and ocher boxes), endoplasmic reticulum stress response elements (ERSEs, blue boxes), and unfolded protein response elements
(UPREs, green box). These elements act as enhancers or repressors, playing a crucial role in regulating the transcriptional activity of the gene. By
utilizing a multiplex genome editing approach, multiple single-guide RNAs (sgRNAs) can be designed to specifically target distinct ERSEs and UPREs
within the promoter region. The CRISPR-Cas9 system, guided by these sgRNAs, induces double-strand breaks at the desired sites in the promoter
region, leading to DNA repair mechanisms that can introduce stochastic mutations. These stochastic mutations occurring in the promoter region
lead to the generation of alleles with diverse patterns and levels of gene expression. Certain mutations may enhance gene expression, while others
may repress it. Implementing this method has the potential to generate a spectrum of phenotypic variations across different lines. (B) CRISPR-Cas9
can be used to manipulate gene translation by targeting upstream open reading frames (UORFs). By utilizing the CRISPR-Cas9 system, specific
mutations can be introduced into the start codon region of uORFs, disrupting their inhibitory effects on translation. The translation process of
messenger RNA (MRNA) begins when small (light blue) and large (light green) ribosomal subunits scan the mRNA from its 5’ cap (represented by a
dark brown circle). The initiation codon, represented by a yellow box, serves as the starting point for translation. However, if the mRNA contains an
upstream open reading frame (UORF) represented by a pink rectangle, the ribosome can stall at the uORF. This stalling event leads to the repression
of translation of the main open reading frame (MORF) indicated by a blue rectangle. Consequently, the reduced translation of the mORF results in a
decreased production of protein products, represented by orange circles. The mutated initiation codon (red rectangle) within uORF regions using
the CRISPR-Cas9 inhibits ribosome stalling, resulting in increased production of proteins encoded by the mORF. (C) Strategy to generate truncated
UBC32 using CRISPR-Cas9-mediated knockout to enhance BR signaling by stabilizing structurally imperfect, yet biochemically active, bril peptides
to achieve stress tolerance. The strategy to enhance brassinosteroid (BR) signaling and improve stress tolerance involves the generation of a
truncated form of the ubiquitin-conjugating enzyme 32 (UBC32) gene using CRISPR-Cas9-mediated knockout. UBC32 is responsible for encoding
an E2 ubiquitin-conjugating enzyme that plays a crucial role in the degradation of the biochemically active but structurally incomplete
brassinosteroid insensitive 1 (bril: bril-5 or bril-9) peptide. Through the process of ubiquitination, UBC32 targets the bril-5 or bril-9 peptide for 26S
proteasome-mediated degradation in the cytosol. However, utilizing the CRISPR-Cas9 to disrupt UBC32 allows for a reduction in the ubiquitination
of bril-5 or bril-9 peptide, leading to increased stability of the peptide. This enhanced stability contributes to the amplification of BR signaling,
thereby improving stress tolerance in plants.

Frontiers in Plant Science 93 frontiersin.org


https://doi.org/10.3389/fpls.2023.1271368
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Vu et al.

specific response or trait. This method has been proven to be
effective in improving crop performance (Chen et al, 2019; Vu
etal, 2020a; Zhu et al,, 2020). However, it is necessary to ensure that
the targeted knockout mutants have minimal negative impact on
plant morphology, agronomical traits, growth, development, and
yield. A minimal trade-off in growth, development, and yield may
be acceptable if the benefits to other agronomic traits are highly
significant. Genes that directly or indirectly regulate the UPR
signaling pathway could be targets for gene editing to confer ER
stress tolerance in plants. However, fundamental studies are
necessary to identify the specific genes that are suitable for the
editing approach, and it is crucial to ensure that the benefits
outweigh any potential trade-offs.

UPR regulators play a crucial role in maintaining ER
homeostasis in both normal and stress conditions. Identifying
genes involved in ERAD pathways is of great importance. One
such gene is UBC32, which is involved in the ERAD-mediated
quality control process through ubiquitination-associated protein
degradation. The mutation of UBC32 results in the accumulation of
structurally abnormal bril-5 and bril-9 mutant forms of
brassinosteroid insensitive 1 (BRI1). Despite their structural
abnormalities, these mutant forms still retain the biochemical
activity of the BRIl receptor, subsequently enhancing
brassinosteroid (BR) signaling (Cui et al., 2012). The ubc32 single
and bril-5/9 ubc32 double mutant lines shows improved salt stress
tolerance compared to the wild-type control (Figure 3C) (Cui et al.,
2012; Zhou et al,, 2021). Interestingly, the ubc32 single mutant
Arabidopsis demonstrates a phenotype similar to the wild-type
(WT) Col-0 when grown under normal conditions (Figure 3C)
(Zhou et al,, 2021). These findings suggest that UBC32 could be a
promising target for enhancing stress tolerance via CRISPR-Cas9-
mediated knockout. By employing gRNAs to direct CRISPR-Cas9,
cleavage of the UBC32 coding sequence can be achieved. This
results in indel mutations that cause premature termination of
translation and truncation of the UBC32 polypeptide chain, which
may ultimately enhance salt tolerance by affecting BR signaling.

Enhancing plant stress tolerance through
CRISPR-Cas editing of key regulatory
genes

Plant growth and development are significantly influenced by
environmental conditions such as light (Bae and Choi, 2008; Kami
et al,, 2010; Paik and Hug, 2019). Suboptimal lighting conditions
can trigger ER stress responses, which can lead to cellular
dysfunction and ultimately affect plant growth and survival
(Mawphlang and Kharshiing, 2017; Ahn et al., 2022). The
connection between light and UPR has been shown to be
mediated by ELONGATED HYPOCOTYL 5 (HY5), a bZIP factor
previously known as a master regulator of light signaling
(Gangappa and Botto, 2016). HY5 acts as an important
transcription factor in both light signaling and the UPR pathway.
In the dark, HY5 is targeted for degradation by the E3 ubiquitin
ligase COP1, which marks HY5 with ubiquitin and targets it for
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degradation by the 26S proteasome (Ang et al, 1998; Xu et al,
2016). However, in the presence of light or under ER stress
conditions, HY5 is stabilized and can regulate the expression of
UPR-related genes (Nawkar et al., 2017). The HY5 gene has been
identified as a critical regulator of stress resistance in plants (Xiao
et al,, 2021). Therefore, the utilization of CRISPR-Cas-based gene
editing technology for the generation and characterization of crops
carrying HY5 alleles may present a promising and compelling
direction for further scientific investigation. Under various stress
conditions, the levels and activity of HY5 protein increase, leading
to enhanced expression of downstream genes. Overexpression or
complete removal of the HY5 gene may result in significant trade-
off in the phenotypes of edited lines, due to the important role of
HY5 in multiple processes, such as photomorphogenesis.
Consequently, generating mutants with HY5 alleles that maintain
a certain level of expression could be an interesting approach for
developing crops that efficiently respond to various stresses. The
CRISPR-Cas-mediated generation of crops with HY5 alleles could
be achieved by targeting the cis-regulatory elements of the HY5
gene. This approach has already been shown to be effective in
previous studies (Rodriguez-Leal et al., 2017). Additionally,
introducing CRISPR-Cas-mediated precise modification of the
DNA binding bZIP domain or the COP1 binding domain in HY5
may be alternative strategies to alter HY5 functions. Such a strategy
could be readily implemented through CRISPR-Cas-based gene
targeting or prime editing (Van Vu et al,, 2019). In summary, the
regulatory function of HY5 in various stress responses makes it a
promising target for enhancing stress tolerance in plants via
CRISPR-Cas-based gene editing. By generating mutant alleles of
HYS5, it might be possible to indirectly alter the expression of
downstream genes, including UPR-related genes, and
consequently enhance the resistance of plants to various stresses.
Cadmium, a hazardous heavy metal, significantly impacts
plants by interfering with crucial processes such as water and
nutrient uptake, photosynthesis, calcium signaling, and genome
maintenance. This interference leads to stunted growth, diminished
yield, and in severe cases, plant death (Xi et al., 2016; De Benedictis
et al., 2023). Recent studies have demonstrated that knockout of the
supernumerary aleurone 1 (SAL1) enzyme can mitigate the toxicity
of cadmium in Arabidopsis plants (Xi et al., 2016). SALI, also
known as FIERY1, is a well-established regulator of stress response
signaling. This enzyme possesses 3’(2°),5’-bisphosphate
nucleotidase and inositol polyphosphate 1-phosphatase functions
(Quintero et al., 1996; Xiong et al., 2001; Wilson et al., 2009), and is
implicated in leaf morphogenesis (Robles et al., 2010). These
findings suggest that targeting SAL1 using CRISPR-Cas-based
techniques could be a promising approach to alleviating cadmium
toxicity and other environmental stresses in crop plants. By
knocking out SALI, plants may be better equipped to cope with
environmental stresses, leading to improved crop yields and
sustainability. In conclusion, the recent discovery of the role of
SALI in mitigating cadmium-induced toxicity and ER stress
responses offers an exciting opportunity for enhancing the
sustainability of crop production. By utilizing CRISPR-Cas-based
techniques to target SALI and other regulators of ER stress
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responses, crop plants may exhibit increased resilience to
environmental stresses, ultimately leading to enhanced crop yield
and quality. Taken together, the proposed strategies for improving
crop stress tolerance through genetic modification present a
promising opportunity for enhancing plant tolerance and
agricultural productivity. By targeting key genes involved in stress
responses, such as UBC32, HY5, and SALI, it may be possible to
develop crops that are better adapted to challenging environmental
conditions. However, further research is necessary to identify the
optimal genes for modification and ensure that the benefits
outweigh any potential drawbacks.

Concluding remarks

The UPR mechanism plays a vital role in facilitating the growth
and survival of plants under unfavorable environmental conditions
(Figure 1). Despite the extensive research on the molecular
mechanism of plant UPR, the adoption of CRISPR-Cas-based
gene editing technology has been slow. This has limited the
potential for developing crops with resistance to a variety of
adverse biological and non-biological environmental conditions,
including ER stress. Consequently, it is imperative to actively
consider the use of CRISPR-Cas technology to study the
functions of genes involved in ER stress responses and expand
the scope of plant gene editing (Figure 2). Understanding how UPR
is activated and regulated, as well as the consequences of such
regulation, can provide valuable insights into the development of
crops with resistance to various stresses. As plants continue to face
unpredictable environmental stresses that can significantly impact
crop yield and quality, the adoption of CRISPR-Cas-based gene
knockout of UPR-related genes is of great importance. In this
review, we summarize the current understanding of ER stress
signaling and regulation, as well as the recent advances in
CRISPR-Cas technology for ER stress research (Tables 1, 2).
Additionally, we discuss the prospects of using CRISPR-Cas-
based gene editing for crop breeding, particularly in the
development of crop varieties with enhanced ER stress tolerance
(Figure 3). We hope that our review will help expand research in
this field and attract attention to the potential of CRISPR-Cas
technology for studying gene functions related to ER stress
responses and expanding the scope of plant gene editing. In this
review, we summarize the current understanding of ER stress
signaling and regulation, as well as the recent progress made in
CRISPR-Cas technology for ER stress studies (Tables 1, 2). We also
discuss the future prospects of using CRISPR-Cas-based gene
editing for crop breeding, particularly in the development of crop
varieties with enhanced stress tolerance We hope that our review
will help propel the field and attract attention to the potential of
CRISPR-Cas technology for studying gene functions related to ER
stress responses.
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Glossary
ATF6 activating transcription factor 6
BiP3 luminal-binding protein 3
BR brassinosteroid
BRI1 brassinosteroid insensitive 1
bZIP basic leucine zipper protein
Cd cadmium
COPIL coat protein complex II
CREs cis-regulatory elements
Hrdl HMG-CoA reductase degradation protein 1
DSB double-stranded break
DTT dithiothreitol
EBS7 EMS-mutagenized Bril suppressor 7
ER endoplasmic reticulum
ERAD ER-associated protein degradation
ERSE ER stress response element
GCN2 general control non-repressible 2
gRNA guide RNA
GWAS genome-wide association study
HR homologous recombination
Hrdl HMG-CoA reductase degradation protein 1
Hrdl HMG-CoA reductase degradation 3
HSP heat shock protein
IRE1 inositol requiring enzyme 1
IAN immune-associated nucleotide-binding
HY5 elongated hypocotyl 5
mORFs main open reading frames
NHE] nonhomologous end-joining
NBT new breeding techniques
NF-Y Nuclear transcription factor Y
0S9 osteosarcoma amplified 9
PAWH1  protein associated with Hrd1-1
PERK double-stranded RNA-activated protein kinase (PKR)-like
endoplasmic reticulum kinase
PIR1 phosphatase type 2CA (PP2CA)-interacting finger protein 1
RIDD regulated IRE1-dependent decay
RNAi RNA interference
SAL1 supernumerary aleurone 1
SellL suppressor enhancer Lin12 1 like
S1P site-1 proteases
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TBF1 TL1-binding transcription factor 1
TF transcription factor
TOR Target of rapamycin
™ tunicamycin
UBC32 ubiquitin-conjugating enzyme 32
uORFs upstream open reading frames
UPR unfolded protein response
UPRE unfolded protein response element
UPS ubiquitin-proteasome system
UTR untranslated region
XBP1. X-box binding protein 1
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Clustered regularly interspaced short palindromic repeats (CRISPR)-associated
protein 9 (CRISPR-Cas9) system has been widely applied in cultivated crops, but
limited in their wild relatives. Nicotiana alata is a typical wild species of genus
Nicotiana that is globally distributed as a horticultural plant and well-studied as a
self-incompatibility model. It also has valuable genes for disease resistance and
ornamental traits. However, it lacks an efficient genetic transformation and
genome editing system, which hampers its gene function and breeding
research. In this study, we developed an optimized hypocotyl-mediated
transformation method for CRISPR-Cas9 delivery. The genetic transformation
efficiency was significantly improved from approximately 1% to over 80%. We
also applied the CRISPR-Cas9 system to target the phytoene desaturase
(NalaPDS) gene in N. alata and obtained edited plants with PDS mutations with
over 50% editing efficiency. To generate self-compatible N. alata lines, a
polycistronic tRNA-gRNA (PTG) strategy was used to target exonic regions of
allelic S-RNase genes and generate targeted knockouts simultaneously. We
demonstrated that our system is feasible, stable, and high-efficiency for
N. alata genome editing. Our study provides a powerful tool for basic research
and genetic improvement of N. alata and an example for other wild
tobacco species.

KEYWORDS

genome editing, CRISPR/Cas9, wild tobacco, Nicotiana alata, self-incompatibility
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1 Introduction

Crop wild relatives (CWRs) harbor untapped genetic diversity
and resilience, serving as a genetic reservoir to improve resistance,
yield, quality and adaptability of cultivated crops. However, during
the process of domestication, with the main purpose of increasing
crop yvield and biomass, a treasure trove of genes was lost in
cultivated crops (Sang et al., 2011; Tirnaz et al, 2022). As the
demands of a burgeoning global population escalate alongside the
multifaceted challenges posed by environmental stresses, scientists
have turned to explore the key functional genes that control
beneficial traits in CWRs and are lost in cultivated crops, and
applied them to molecular breeding (Bohra et al., 2022).
Consequently, the modern agricultural paradigm is undergoing a
transformation from concentrating on staple crops to interplaying
between cultivated crops and their wild progenitors. In recent
decades, several ‘game-changing’ genes that can offer beneficial
traits, such as resistance to pests and diseases, abiotic stress
tolerance, quality improvements and yield increases, have been
reintroduced into cultivated varieties to enhance their resilience and
yield (Engels and Thormann, 2020). Growing evidence has also
demonstrated the value of CWRs in agricultural breeding programs,
with the annual contribution of these traits to agriculture estimated
at USD 115 billion globally, but they still remain a relatively under-
utilized and under-estimated resource (Dempewolf et al., 2017).
Many valuable traits have not yet been explored and most of the
important functional genes in CWRs have not yet been studied.

With the rapid development of sequencing technology and the
sharp decrease of sequencing cost, the genomic information of
important CWRs has been uncovered in the last decade (Weigel and
Nordborg, 2015; Purugganan and Jackson, 2021). Integrated with
large-scale transcriptome, metabolome and/or proteome
information, candidate genes that determine important traits are
now readily predicted. To maximize these potential valuable assets,
candidate gene validation and function identification by using
genetic engineering approaches, such as gene overexpression,
gene silencing and gene knockout mediated by genetic
transformation methods, could facilitate the deployment of wild
alleles into new cultivars. However, in contrast to the well-
developed systems in the cultivars, efficient genetic
transformation systems have not yet been established in amounts
of the CWRs (Chen et al., 2022).

Clustered regularly interspaced short palindromic repeats
(CRISPR)-associated protein (CRISPR-Cas) based genome editing
technology is a recently developed powerful tool and has been
widely utilized in plant molecular biology (Manghwar et al., 2019;
Zhu et al.,, 2020). Compared to the conventional strategies used for
functional characterization of plant genes and genetic improvement
of agricultural crops, which are complicated and laborious-, time-
consuming, CRISPR-Cas, especially CRISPR-Cas9 from
Streptococcus pyogenes, has been proved in plant biology and
provides more effective and time-saving methods with precise
genetic manipulation of target genes (Hsu et al., 2014; Liu et al,
2016). However, while CRISPR-Cas9 has enabled various genome
editing applications, such as indels production, precise nucleotide
substitution, gene-expression regulation, multiplexed and high-
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throughput gene editing in a variety of model plants and crop
species, the recalcitrance of efficient genetic transformation severely
hinders the application of CRISPR-Cas9 in the CWRs (Rahman
etal,, 2023). Consequently, due to the lack of efficient CRISPR-Cas9
editing system, gene function verification of most CWRs in situ still
cannot be carried out.

Nicotiana alata is a perennial species native to Brazil, Paraguay,
and northeastern Argentina, belonging to the genus Nicotiana
section Alatea. It has been introduced to other regions as an
ornamental plant for its attractive and fragrant flowers that vary
in color (Zheng et al., 2021; Zhang et al., 2023). As an important
horticultural plant, the genes involved in the secondary metabolism
pathway that regulate the fragrance and color of the flowers need to
be further addressed (Raguso et al., 2003, 2006; Fahnrich et al., 2011;
Guo et al,, 2020; Zheng et al., 2021). In its native wild habitats, N.
alata encounters a range of biotic and abiotic stresses. To survive
these challenges, it has evolved a suite of adaptive systems that
confer protection against specific threats. Several resistance loci
have been identified in N. alata, including but not limited to,
resistance to Tomato spotted wilt virus (RTSW), Tobacco mosaic
virus (N'ala) and black root rot (Yuan et al., 2015; Trojak-Goluch
et al., 2016; Huang et al., 2018; Berbe¢ and Doroszewska, 2020;
Czubacka, 2022; Li et al., 2023). More important, N. alata is a model
species used to study gametophytic self-incompatibility (SI),
controlled by the S-locus (Bredemeijer and Blaas, 1981). The first
cloning and sequencing of a cDNA encoding an S-RNase protein
that co-segregates with an S allele was obtained in N. alata
(Anderson et al., 1986; Mcclure et al., 1989). The S-locus gene of
N. alata has subsequently been extensively studied by molecular
biologists and geneticists, as it provides a model system to
understand the molecular mechanisms of SI, as well as its
evolution, diversity, and plasticity (Cruz-Garcia et al., 2003, 2005;
Roldan et al,, 2015; Fujii et al., 2016). In addition, the interaction
between N. alata and its pollinator, the hawkmoth Manduca sexta,
is also a fascinating example of coevolution and mutualism (Kessler
et al,, 2015; Haverkamp et al., 2016). In summary, the diverse roles
and significance of N. alata in research, from reproductive biology
to environmental interactions, underline it is not only an
ornamental plant but also a model organism.

Despite its pivotal role in scientific inquiries, researchers
working with N. alata faced a significant technological hurdle.
The most significant challenge posed by N. alata, particularly its
recalcitrance to conventional genetic transformation techniques like
the leaf disk method (Ebert and Clarke, 1990; Taheri-Dehkordi
et al,, 2017), has been a major obstacle for researchers. The lack of
highly efficient genetic transformation has led to the revolutionary
CRISPR/Cas9 genome-editing system, which has transformed
genetic research in myriad organisms, but has not been
established in N. alata. In this study, we optimized the approach
centered on hypocotyl transformation. This innovative shift not
only circumvented the longstanding challenges but also set the stage
for new genome-editing endeavors in N. alata. By using the
phytoene desaturase (PDS) gene as a proof of concept, we
validated the efficacy of our CRISPR-Cas9 system in N. alata. For
further breeding and basic research in future, we aimed to disrupt
the S-RNase gene and thereby obtain self-compatible N. alata.
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Therefore, we not only established an efficient genome editing
system but also obtained an important germplasm for future study.

2 Materials and methods

2.1 Cloning of the first exon of the N. alata
PDS (NalaPDS) coding sequence

The annotated PDS sequences of N. tabacum (XM_016642616),
N. benthamiana (EU165355), and N. attenuata (JX185751) were
retrieved from the National Centre for Biotechnology Information
(NCBI) database and used as queries for a Basic Local Alignment
Search Tool-Nucleotide (BLASTn) search against the draft genome
sequences of N. tabacum, N. benthamiana, and N. attenuata,
respectively (available at https://solgenomics.net). The obtained
genomic DNA and coding sequences (CDs) were aligned
(Supplementary Figure 1) using the MEGA software (Tamura
et al, 2021). Primer pairs, NalaPDSIstExon-F/-R (Supplementary
Table 1), were designed based on the conserved regions in the exonic
region to isolate the partial PDS coding sequence from N. alata. Total
RNA was extracted from N. alata leaf tissue using the RNeasy Plant
Mini Kit (Qiagen, CA, USA) and the first strand of cDNA was
synthesized using The PrimeScript Ist strand cDNA Synthesis Kit
(Takara, Dalian, China) according to the manufacturer’s instructions.
Polymerase chain reaction (PCR) amplification was carried out using
100 ng of cDNA as a template and the Q5 High-Fidelity DNA
Polymerase, following the recommended cycling conditions provided
by the manufacturer (NEB, MA, USA). The PCR amplification
consisted of an initial denaturation step at 94°C for 2 minutes,
followed by 30 cycles of denaturation at 94°C for 30 seconds,
annealing at 60°C for 30 seconds, and extension at 72°C for 1
minute. The amplified product was recovered from a low-melting
point agarose gel and subsequently sequenced.

2.2 S-RNase allele identification in N. alata

To identify the S-RNase allele in N. alata, degenerate primers
C2F/C4R (Supplementary Table 1) were used to amplify the S-RNase
candidates. Genomic DNA was extracted from N. alata leaf tissue
using the Plant Genomic DNA Miniprep Kit protocol (Tiangen,
Tianjin, China). Genomic PCR was performed using the Q5 High-
Fidelity DNA Polymerase, as described above. The amplified PCR
product was cloned into the pCE2-TA-Blunt-Zero vector (Vazyme,
Nanjing, China) following the manufacturer’s instructions. 10 Clones
of each plant were sequenced using Sanger sequencing platform
(Generay, Shanghai, China), and the obtained sequences were
subjected to BLAST search against the non-redundant NCBI
database to determine the candidate S-RNase allele.

To confirm the S2/Sc10 bi-allele distribution result in the family,
specific primer pairs S2F/R and Sc10F/R (Supplementary Table 1) were
used to examine the same population. The PCR products displaying
expected size unique bands were subjected to electrophoresis using the
ZAG DNA Analyzer (Agilent, Santa Clara, USA).
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2.3 Guide RNA design and
plasmid construction

Cas9-PF vector was digested using the Bsal enzyme (NEB) for
vector linearization. The online CRISPR software (http://
crispor.tefor.net/) was utilized to identify sgRNA sequences in the
gene’s first exon (Concordet and Haeussler, 2018). For NalaPDS,
the oligonucleotides of sgRNA (Supplementary Table 1) were
annealed and ligated into Bsal-digested Cas9-PF plasmids to
generate the Cas9-PF-NalaPDS structure. For S-RNase, a
polycistronic tRNA-gRNA (PTG) cassette (Supplementary
Table 1) containing S2-RNase and Sc10-RNase gRNAs was
synthesized (Generay, Shanghai, China). The synthesized PTG
polynucleotides were inserted into Bsal-digested Cas9-PF
plasmids through homologous recombination to generate the
Cas9-PF-SRNase structure.

2.4 Sterilization seeds preparation of
N. alata plants

The N. alata plants (accession P142334), used in this study, were
provided by Prof. Hanhui Kuang (Huazhong Agriculture
University) (Yuan et al, 2015). The seeds of the N. alata line
were harvested after crossing from different plants. Sterilization of
the seeds was carried out by placing them in a 1.5-mL microfuge
tube with 70% ethanol for 1 minute, followed by treatment with a
bleach solution containing 10% sodium hypochlorite for 10
minutes. After five rinses with sterilized deionized water, the
sterilized seeds were sown on agar plates containing plant growth
media (Table 1).

2.5 Agrobacterium culture preparation

Target plasmids were transformed into A. tumefaciens using
electroporation. For each transformation, 100 pl of competent cells
were mixed with 50 ng of plasmid DNA and suspended in an
electroporation cuvette with an electrode distance of 1 mm (Bio-
Rad, USA). Electroporation was carried out using MicroPulser
Electroporator (Bio-Rad, USA) with 2.5 kV, 25 uF capacitance,
and 400 Ohm resistance. To screen for transformants of the target
plasmid, colony PCR was performed using specific primers. Each
colony was suspended in 20 pl of 1 X Taq DNA polymerase Master
Mix (Vazyme, Nanjing, China) and subjected to PCR amplification.
Positive single colonies were transferred to 50 mL centrifuge tubes
containing 5 mL of liquid LB medium supplemented with 50 mg/L
rifampicin and 100 mg/L kanamycin. The bacterial cultures were
incubated on a shaker overnight at 220 rpm and 28°C until the OD
at 600 nm (OD600) reached 0.8. The Agrobacterium cultures were
then centrifuged at 2500 x g for 5 minutes, washed two times with
MS medium containing 30 g/L sucrose. The bacterial pellet was
resuspended in 4 mL of MS medium containing 30 g/L sucrose and
supplemented with 100 uM acetosyringone to achieve an OD600 of
0.3-04.
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TABLE 1 Optimized steps, medium used and culture conditions in Agrobacterium-mediated transformation of Nicotiana alata.

Type

. Antibiotics Culture Culture
of Medium content o -~ .
- applicaiton conditions time
Medium
Washin MS basal medium (4.41 g/L), 6-Benzyladenine (6-BA) 1 mg/L,
. 8 TAA 0.02 mg/l, 30 g/L sucrose, adjust the pH to 5.8 with 1 None None None
medium
M KOH.
Co MS basal medium (4.41 g/L), 6-BA 1 mg/L, TAA 0.02 mg/l, 30 g/
- L sucrose, and 5 g/L Bacto agar, adjust the pH to 5.8 with 1 None Dark, 25°C 3 days
cultivation
M KOH.
Callus MS basal medium (4.41 g/L), 6-BA 1 mg/L, IAA 0.02 mg/l, 30 g/ Timentin (125 mg/L) for Agrobacterium Long-day condition
allu
induction L sucrose, and 5 g/L Bacto agar, adjust the pH to 5.8 with 1 inhibition and hygromycin (35 mg/L) for (16-h light/8-h dark, 3-5 weeks
M KOH. selectable antibiotic 25 °C)
Ti in (12 L) for A i Long- iti
Shoot MS basal medium (4.41 g/L), 6-BA 1 mg/L, 30 g/L sucrose, and i u'netn.tm (125 mg/L) 01? grobacterium ong qay condition
. . ) inhibition and hygromycin (35 mg/L) for (16-h light/8-h dark, 3 weeks
regeneration 5 g/L Bacto agar, adjust the pH to 5.8 with 1 M KOH. L
selectable antibiotic 25 °C)
A 1/4 X‘ MS -basal medium (4.41 g/L), 0.8 mg/L 4—(3-Incllolyl) Timentin (125 mg/L) for Long—cliay condition
Rooting butyric acid, 30 g/L sucrose, and 6 g/L Bacto agar, adjust the pH Agrobacterium inhibition (16-h light/8-h dark, 3-5 weeks
to 5.8 with 1 M KOH grobacteriu © 25 °C)

2.6 Agrobacterium strains screening

To screen for the most efficient Agrobacterium strain, we
performed the transformation using four A. tumefaciens strains:
GV3101, C58C1, EHA105 and LBA4404. All strains harbored the
same Cas9-PF-SRNase plasmid as described above. This plasmid
contained the hygromycin B phosphotransferase gene as a selectable
marker for plant selection (conferring hygromycin resistance)
under the control of the 35S promoter and CaMV poly(A) signal
terminator. We evaluated the transformation efficiency by
measuring the callus proliferation and shoot regeneration rates.

2.7 Explants preparing and
Agrobacterium infection

The sterilized seeds were germinated for 3 days in the dark (25 °C)
and then transferred to long-day condition (16-h light/8-h dark, 25 °C)
for another 7 days. The seedlings (15-20 mm in length) were excised
below the apical meristem and above the roots. The hypocotyl part was
subsequently cut into 4-5 segments (about 3-5 mm in length) and the
segments were placed on cocultivation medium (Table 1). The
hypocotyl preparing and Agrobacterium infection could be achieved
simultaneously by dipping the scalpel into Agrobacterium suspension
before each cut.

2.8 Callus induction and
shoots regeneration

After 3 days of co-cultivation with Agrobacterium, explants were
taken out and transferred to callus induction medium (Table 1)
containing the antibiotic (cefotaxime or timentin) to inhibit growth
of Agrobacterium and subsequently sub-cultured at second week.
After 2-3 weeks, when explants had developed swelling callus with
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shoot primordia, the calli were transferred onto regeneration
medium (Table 1), which contained both Agrobacterium and plant
antibiotics. The calli with shoots were subsequently sub-cultured
every 3 weeks until plantlets were formed. These plantlets were
separated into single plants and cultured on rooting medium
without selectable antibiotics (Table 1). At this stage, clean cut of
callus from the base of the plantlet was essential. Plantlets were sub-
cultured on rooting media every 3 weeks until roots developed.
When the roots are 2-3 cm long, plants were carefully removed from
the gel and transplanted into soil. These transgenic plants were
subsequently maintained in growth chambers at long-day condition
(16-h light/8-h dark, 25 °C).

2.9 Effect of antibacterial antibiotics on
Agrobacterium growth

To identify the most suitable antibiotic and its concentrations for
the Agrobacterium growth inhibition, different ranges of cefotaxime
and timentin concentrations were evaluated according to the ones
described in the literature for other nicotiana species. Agrobacterium
infected hypocotyl explants were transferred into co-cultivation and
callus induction plates containing MS medium with cefotaxime alone
at concentrations of 50, 100, 200 and 300 mg/L and timentin alone at
concentrations of 50, 125, 200 and 300 mg/L. Data were statement as
the callus proliferation and shoot regeneration rate.

2.10 Detection of genome editing events

The genomic DNA of the stable transgenic N. alata plants from
hygromycin selection and wild-type plants were extracted from leaf
tissue using the Plant Genomic DNA Miniprep Kit protocol
(Tiangen) to assess targeted mutagenesis using PCR amplification
and Sanger sequencing. The genomic region spanning the CRISPR

frontiersin.org


https://doi.org/10.3389/fpls.2024.1329697
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Yuan et al.

target sequences were amplified by PCR (primer sequences in
Supplementary Table 1) using Q5 High-Fidelity DNA Polymerase
(NEB). The PCR products were sequenced and then subjected to
SnapGene software assay (www.snapgene.com) according to the
manufacturer’s instructions. PCR fragments of putative editing
events were then cloned into pCE2-TA-Blunt-Zero vector
(Vazyme) and 10 clones each plant were sequenced to further
measure the frequencies of CRISPR induced mutations. The
mutation rate was calculated based on the ratio of mutated plants
versus total transgenic plants.

3 Results

3.1 Optimization of Agrobacterium-
mediated transformation and regeneration

Two methods of Agrobacterium-mediated transformation in N.
alata have been previously described (Ebert and Clarke, 1990;
Schroeder and Stimart, 1996). Leaf discs and seedling hypocotyls
were utilized as explants for plantlet regeneration, respectively.
Initially, we strictly followed the methodology described by
Schroeder and Stimart (1996) for leaf discs-mediated
transformation, as it is a conventional method applied in multiple
Nicotiana species. However, our attempts were unsuccessful. We
made efforts to adjust various parameters, including different
Agrobacterium strains, selectable antibiotic concentrations, and
callus and shoot induction media compositions, in order to
achieve improved outcomes. Unfortunately, none of the tested
parameters resulted in the formation of well-developed callus and
regeneration shoots in N. alata. Instead, friable and disorganized
tumors were observed (data not shown). Therefore, we speculated
that the use of leaf explants may not be suitable for generating
transgenic lines of our owned N. alata (P142334) line.

Although the regeneration of transformed N. alata using
hypocotyl explants was established, the low transformation
frequency (<1%) was identified as a bottleneck (Ebert and Clarke,
1990). To enhance the transformation frequency, we aimed to
optimize the Agrobacterium strains, co-culture reagents. Four
Agrobacterium tumefaciens strains, namely GV3101, C58Cl,
EHA105, and LBA4404, were tested to evaluate the effects of
strain types on the transformation efficiency in N. alata.
Hypocotyls from 10-day-old seedlings were cut into 3-5 mm
segments as explants. The explants were then transferred to
callus-induction medium (Figures 1A, B) and cultured in
darkness for 2 days to increase infection efficiency before being
transferred to a long-day condition (16-hour light/8-hour darkness,
26°C). After 2 weeks on the callus induction plates and one month
on the regeneration induction plates, containing 100 mg/L
cefotaxime and 35 mg/L hygromycin, the hypocotyl segments
gave rise to calli and shoots. The results demonstrated successful
transformation of N. alata using GV3101, EHA105, and LBA4404
(Table 2). A. tumefaciens EHA105 and GV3101 exhibited higher
transformation efficiency, with 12.5% and 8.33% regeneration
shoot, respectively. Consistent with previous studies by Ebert and
Clarke (1990), LBA4404 showed successful transformation but low
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efficiency (2.08%) among the four strains, whereas C58Cl failed to
transform N. alata.

During the screening of A. tumefaciens strains, we found that
the primary cause of low transformation efficiency was
Agrobacterium contamination (Figure 1A). Therefore, we next
investigated the impact of antibiotics on Agrobacterium during
the transformation process. Cefotaxime, commonly used in tissue
culture of N. tabacum and N. benthamiana, is known to effectively
eliminate any remaining Agrobacterium after co-cultivation.
However, our study on N. alata transformation revealed a
conflicting relationship between calli/shoots induction and the
anti-agrobacterial effect of cefotaxime (Table 3). Upon screening,
bacterial growth was observed at concentrations below 200 mg/L of
cefotaxime (Table 3). Conversely, concentrations higher than 200
mg/L exhibited effective antibacterial properties against surface-
growing bacteria, but severely impaired calli induction and shoots
regeneration (Table 3). Recent studies have demonstrated the
efficacy of timentin in suppressing A. tumefaciens, comparable to
carbenicillin and cefotaxime, with minimal impact on shoot
regeneration (Cheng et al., 1998; Kriigel et al., 2002). Hence, we
explored the effects of timentin on calli induction, shoot
regeneration of N. alata hypocotyls, and its inhibitory ability on
Agrobacterium growth. As presented in Table 3, timentin alone
exhibited more efficient bacteria elimination than cefotaxime. After
two weeks in the presence of these antibiotics, calli induction on
timentin plates with concentrations higher than 125 mg/L
proliferated normally without observable negative effects. Our
findings indicate that timentin, with its broad spectrum of
concentrations for suppressing A. tumefaciens in Agrobacterium-
mediated genetic transformation, enabled successful regeneration,
whereas cefotaxime significantly hindered regeneration.

After investigating different Agrobacterium strains and
antibacterial antibiotics, we determined that genetic transformation
using the EHA105 strain and timentin at a concentration of 125 mg/L
resulted in higher values for N. alata calli induction and shoot
regeneration. Ultimately, we summarized the optimized
Agrobacterium-mediated transformation of N. alata with media
composition used, culture conditions, and average duration in
different steps in Table 1.

3.2 Cas9—-induced mutagenesis of NalaPDS
in N. alata

The PDS gene is responsible for encoding one of the crucial
enzymes involved in the carotenoid biosynthesis pathway. Mutant
plants with an albino phenotype, resulting from disruptions in this
gene, have been widely utilized as a model gene for virus-induced
gene silencing and CRISPR/Cas9-mediated gene editing (Qin et al.,
2007; Huang et al., 2009; Ma et al., 2020). Due to the absence of
sequence information for the PDS gene in N. alata (referred to
NalaPDS), conserved primers were designed based on the
homologous nucleotide sequences of the PDS gene in N. tabacum,
N. benthamiana, and N. attenuate (Edwards et al., 2017; Xu et al.,
2017; Ranawaka et al, 2023). These primers were employed to
amplify the NalaPDS partial CDs region from total RNA.
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Timentin 125 mg/L

Co-cultivation Callus induction

Shoot regeneration Rooting

FIGURE 1

Agrobacterium-mediated transformation of Nicotiana alata using hypocotyl explants. (A) Inhibition of Agrobacterium growth by 100 mg/L
cefotaxime and 125 mg/L timentin. (B) Regeneration frequency of N. alata based on optimized transformation method. Representative
transformation steps are shown: hypocotyl segments were co-cultured with Cas9-PF-SRNase, callus formation and shoot regeneration on selection
medium with hygromycin (35 mg/L) and timentin (125 mg/L), in vitro culture and transgenic seedling on root induction medium. Scale bars = 5 mm.

Subsequently, a guide RNA (gRNA) targeting the first exon of

TABLE 2 Transformation efficiency of callus and regenerated shoots by

different Agrobacterium strain. NalaPDS was selected and integrated into the Cas9-PF system (Liu

et al., 2019). The resulting construct (Figure 2A) was then

Agrobacterium ) No. of resis- No. of introduced into N. alata plants using the optimized
strain tant resistant Agrobacterium-mediated genetic transformation protocol
explants calli shoots mentioned earlier
induction induction ’ ) .

Total 43 transformed seedlings were recovered with
GV3101 48 20 4 hygromycin selecting from 50 explants. Among them, 9 plants
C58C1 48 0 0 exhibited albino leaf phenotype which was recognized as completely
disrupted NalaPDS, loss-of-function mutants (Figure 2B).

EHA105 48 23 6
Interestingly, the visual selection marker system mediated by the
LBA4404 8 12 ! PAP gene in this CRISPR system (Liu et al., 2019) was ineffective in
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TABLE 3 Antibiotic effect screening on Agrobacterium EHA105.

10.3389/fpls.2024.1329697

. No. No of No of calli without No of No. of resistant shoots
L Concentrations . : .
Antibiotics of calli Agrobacterium shoots without
(mg/L) : . . . .
explants = induction growth induction Agrobacterium growth
100 48 32 11 8 5
Cefotaxime
200 48 8 8 3 1
300 48 0 0 0 0
50 48 34 26 18 18
125 48 43 43 40 40
Timentin
200 48 38 38 38 38
300 50 24 24 16 16

N. alata, none of the transformed seedlings exhibited purple
phenotype in this study (Figure 2B). Specific primers were
designed to amplify the target regions and sequenced to detect
the mutant plants with NalaPDS. Mutations in NalaPDS were
identified in 23 of 43 independent transgenic plants with the
percentage of 53.5%. To further dissect the type of mutation,
we also cloned and sequenced (10 random selected clones each
plant) from the amplification of genomic DNA extracted
from mutants (Figure 2C). We found that two and seven of
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nine displayed albino leaves are homozygous editing and bi-allele
gene editing respectively and remaining 14 mutations in
NalaPDS which show green leaf as wild type (WT) are
heterozygous editing with indel on one allele (Figure 2D).
Notably, the efficient mutations were generated in the NalaPDS
locus of transgenic plants with indel rates more than 50% at TO
generation. These results showed that the CRISPR/Cas9 system
could be used to modify genome and have high efficiency for
targeted mutagenesis in N. alata.

re B
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FIGURE 2

Agrobacterium-mediated CRISPR/Cas9 genome editing of NalaPDS in N. alata. (A) T-DNA constructs for Cas9-PF-NalaPDS. Cas9-PF-NalaPDS
consists of a PF Cassette, which contains anthocyanin synthesis regulation gene PAPI and early flower NtFT5 gene, as a visible marker, a Cas9 gene
driven by 35S promoter, an sgRNA targeting the NalaPDS gene under the control of a U3 promoter, and a hygromycin resistance gene. The first
exon of the N. alata PDS gene was selected as the target site for the gRNA. (B) Phenotypes of the pds mutants. Seedlings displayed albino phenotype
are homozygous or bi-allele gene editing of NalaPDS. Scale bar=1 cm. (C) PCR product sequencing results of PDS mutant plants in (B) are aligned to
the reference genome sequence. Different chromatograms of target position indicate different types of editing events, e.g., homozygous (Ho), bi-
allele (Bi) and heterozygous (He) type editing. WT, wild-type; inserts and deletions are indicated as ‘i and ‘d’ respectively. (D) Total precise editing
events categorized by different editing types, including homozygous (Homo), bi-allele (Bi-allel) and heterozygous (Heter) and wild-type (WT).
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3.3 Targeted mutagenesis of S-RNase
results in self-compatibility

The SI in N. alata is controlled by the highly polymorphic S-
locus. To identify the S allele in our owned line, the degenerate
primer pair C2f/C4r (Supplementary Table 1) was used to amplify
the conserved domains of S-RNases (Roldan et al., 2010).
Fragments amplified from random selected 7 plants of the
population of N. alata were cloned and sequenced. Among 70
sequences (10 clones per plant), 29 and 41 were 100% identical to
Sc10- and S2-RNase respectively, which were previously
characterized as functional SI alleles (Anderson et al., 1986;
Murfett et al., 1996). To further confirm the allelic variants of S-
RNases, specific primers for Sc10- and S2-RNase were used to
examine the same population. As Figure 3A shown, a single band
with the expected size was amplified in each case, suggesting the
presence of Sc10- and S2-RNases alleles in plants.

To test whether the developed CRISPR/Cas9 system could be
used to target two S-RNases alleles simultaneously, we designed and
armed pairs of gRNA targeting the Sc10- and S2-RNase first exon to
an endogenous tRNA processing system (Figure 3B). This system
could dramatically enhance the processing efficiency and function

L&:IW

10.3389/fpls.2024.1329697

of dual sgRNAs transcribed from a single transcript (Xie et al.,
2015). According to our optimized transformation method, we
generated 26 regeneration plants from 30 explants. To evaluate
the efficiency of the target gene editing, we amplified and sequenced
the first exons sequences of ScI0- and S2-RNases gene in all TO
plants. In total, we obtained 12 plants containing mutations in Sc10-
and S2-RNases. Among them, two plants contain bi-allelic
mutations of both S-RNases, one contains mutations in S2-RNase
and four contain mutations in Scl10-RNase allele (Figure 3C).
However, the remaining five mutations were heterozygous in
Scl0- or S2-RNases, which showed overlapping peaks starting at
17th nucleotide of gRNA. We speculated these plants are chimeric
editing, which is a common phenomenon in somatic cells
gene editing.

To investigate the self-compatibility of the S-RNase gene editing
plants, we transferred two bi-allelic mutants to the greenhouse
under a 16-h light/8-h dark cycle. We performed artificial
pollinations at the open flower stage. After self-pollination,
compare to the small and shriveled fruit of WT plants, two bi-
allelic mutant lines (#11 and #23) produced big and well-stacked
fruits (Figure 3D). In contrast to the complete sterility of WT plants,
self-pollination of two mutant lines produces large amounts of seeds
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gRNA 4 sgRNA

{;

s2 -
-———————— .
tRNA Spacer tRNA Spacer
|
Sc10 — * S2gRNA _- SC10 gRNA -
TTAGGGTAACAAAATGATGC GAACAAAAAGCAATACGAAG
D s2/sc10 Ko $2/Sc10 s2/sc10 Ko
c #11 wT #23
sgRNA PAM
wr 52 TTAGGGTAACAAAATGATGCCGG
Sc10 GAACAAAAAGCAATACGAAGAGG
g1 52 TTAGGGTAACAA - - - - - TGCCGG  d5
Sc10 GAACAAAAAGCAATACGCAAGAGG il ‘ ‘
wp3 52 TTAGGGTAACAA----- TGCCGG  d5 ‘ o
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4g 52 TTAGGGTAACAAAATGATGCCGG  wt . &' 3 by
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ups 52 TTAGGGTAACAAAATGATGCCGG  wt 423 21/96 4 1 6
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FIGURE 3

CRISPR/Cas9-mediated S-RNase mutations result in self-compatible N. alata. (A) S-RNase allele identification in N. alata. Primer sets S2F/R and
Sc10F/R were used for PCR analysis to determine the presence of S2 and Sc10 alleles in the population used for gene editing. (B) Cas9-PF was
armed with a polycistronic tRNA-gRNA (PTG) cassette consisting of S2 and Sc10 gRNAs. (C) Mutation patterns in TO transgenic plants. sgRNA, single
guide RNA; PAM, the protospacer adjacent motif; WT, wild type; inserts and deletions are indicated as ‘i and ‘d’ respectively. (D) compared to the
sterility of WT, well-stacked fruits and mounts of seeds were harvested in two bi-allele edited N. alata plants. Scale bar=1 cm. (E) Segregation ratio of

Cas9-PF-free plants and S2 and Sc10 alleles in T1 generation of two bi-a
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per fruit, ranging from 137 to 349 seeds per fruit. These results
demonstrate that inducing loss-of-function mutations in S-RNase
genes resulted in self-compatibility in N. alata.

To seek for the Cas9 cassette free offspring and determine
whether the mutations could be inherited to the next generation, we
sowed the T1 seeds. The germination rate was > 80% for two lines.
The segregation ratio of T1 plants of lines 11 and 23 without the
Cas9 cassette is 18.7% and 21.8% respectively (Figure 3E). The Chi-
square test showed that these two lines contained a single copy of
the Cas9 cassette. We further detected mutations in the S-RNase
genes and genotyping of Sc10- and S2- allele in all Cas9-free T1
generation plants. The sequencing result showed that bi-allele
mutations of Sc10- or S2-RNases in lines 11 and 23 were
transmitted to the T1 generation and all T1 plants harbored
mutations in $2- and/or Scl0-allele. The ratios of $252, $25c¢I10
and Sc10Sc10 in the two lines are 19-22%, 52-56% and 22-29%,
corresponding to a predictable Mendelian ratio of 1:2:1 (Figure 3E).
In addition, these mutants have similar plant morphology and
growth vigor as the WT (Supplementary Figure 3), indicating that
they can directly be used for breeding or basic research.

4 Discussion

Leaf disk transformation is a widely used method for
introducing foreign DNA into plant cells, leading to the
development of transgenic plants (Curtis et al., 1995). However,
this method may not work for all plant species, even within a plant
species, different genotypes or varieties may respond differently to
leaf disk transformation. The success of leaf disk transformation is
sensitive to the specific parameters of the protocol, such as the
choice of tissue culture medium, antibiotics, hormones, and
environmental conditions. Variations in these parameters can
affect the outcome, and it may be difficult to find the optimal
conditions for recalcitrant species. The hypocotyl, located below the
cotyledons in the embryonic stem region of a plant, often has
characteristics that make it more amenable to transformation.
Therefore, hypocotyl transformation is considered a valuable
alternative to leaf disk transformation for several reasons. It tends
to be less recalcitrant than leaves, making it easier for
Agrobacterium to infect and introduce foreign DNA. Hypocotyl
tissue typically exhibits a higher regeneration potential than leaf
tissue in many plant species (Wang and Xu, 2008; Mahto et al,
2018; Muto et al., 2021; Xiao et al., 2022). In this study, we failed to
induce callus formation by using leaf disks as explants. However, we
observed abundant swelling tissue in Agrobacterium-infected
hypocotyl segments. By screening different strains of A.
tumefaciens, we found that EHA105 and GV3101 had relatively
high infection efficiency, which is consistent with previous reports
in other species.

During the hypocotyl-mediated transformation using EHA105,
another challenge was to control Agrobacterium contamination in
the induced callus and regenerated shoots. Induced calli were easily
obtained when we used low concentration cefotaxime, but most of
these calli did not survive to the rooting stage due to the
incomplete inhibition of Agrobacterium. On the other hand, high
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concentration cefotaxime to control Agrobacterium infestation after
transformation dramatically suppressed callus induction and shoot
regeneration. As timentin is a novel antibiotic that has been utilized
in other species’ genetic transformation (Cheng et al., 1998; Kriigel
etal, 2002), we tested whether timentin could replace cefotaxime in
our N. alata transformation. We found that timentin dramatically
inhibited Agrobacterium growth and allowed for regeneration
within a wide range of concentrations (Table 1). After
optimization, the efficiency of genetic transformation achieved
more than 80% from <1% as described (Ebert and Clarke, 1990).
These results indicate that efficient and repeatable transformation
systems were established in N. alata. More important, the
efficiencies of our optimized transformation system should be
high enough to test Agrobacterium-delivered CRISPR/Cas9
system for N. alata genome editing.

Due to the obvious albino phenotypes associated with pds
mutation, we selected the first exon and designed a single guide
RNA (sgRNA) targeting NalaPDS to arm our Cas9-PF vector.
According to our optimized transformation method, 23 NalaPDS
editing events with different size indels were obtained from 43
independent transgenic lines. The percentage of the independent T0
transgenic lines that generated mutations in NalaPDS was more
than 50% (Figure 2D). Moreover, 9 transgenic lines of Cas9-PF-
NalaPDS showed obvious albino leaf phenotypes. Sequencing
results demonstrated that 2 plants harbored homozygous
mutations and 7 plants harbored biallelic mutations (Figure 2D).
These results indicated that targeted mutagenesis using
Agrobacterium-delivered CRISPR/Cas9 system in N. alata
is feasible.

N. alata is a model species to study gametophytic SI, which is a
reproductive barrier that prevents self-fertilization and promotes
outcrossing and genetic diversity. SI is controlled by a single
polymorphic S-locus, which encodes two products: the S-RNase in
the pistil and the SLF in the pollen. If the pollen and pistil share the
same S-haplotype, the pollen tube growth is arrested by the
cytotoxic effect of the S-RNase, resulting in an incompatible
reaction. SI plays an important role in genetic diversity in
flowering plant evolution, but poses some challenges and
limitations to fix useful genetic variation. SI makes the plant
always have a highly heterozygous genome, which presents a big
challenge to perform high quality haploid genome assembly.
Moreover, SI makes it difficult to produce pure lines, which
interferes with both basic research and breeding. SI prevents the
plant from producing homozygotes, which hampers the
development of transgenic or genome-edited plants. SI also
complicates the genetic analysis and functional characterization of
plant genes, as it can affect the segregation and inheritance patterns
of genes in self-incompatible populations (Ye et al., 2018; Enciso-
Rodriguez et al.,, 2019; Lee et al, 2023). Therefore, beyond the
NalaPDS gene, our research ventured into breaking the SI in N.
alata by targeting the S-RNase gene. As it has at least two different
S-RNases in S-alleles, we additionally wanted to test whether we can
edit two genes simultaneously in N. alata by using our gene editing
system. With a PTG system, we armed the Cas9-PF vector with
both S2 and Sc10 gRNAs. Ultimately, we obtained two lines with bi-
allelic editing events at S2- and Sc10-RNase from 30 explants.
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To test whether the bi-allelic S-RNase mutations are enough to
break the SI and whether the targeted gene mutagenesis passes to
the next generations, two lines were artificially pollinated. Well-
stacked fruits and abundant seeds were harvested from both two s2/
sc10 mutation lines, indicating that the mutations were self-
compatible. Further analysis of the target gene demonstrated that
the mutations had been stably inherited to T1 generation in N.
alata. The successful knockout of S-RNase and the subsequent
breakdown of SI in N. alata is particularly noteworthy. These S-
RNase edited lines will be a powerful tool to accelerate basic
research and breeding. These self-compatible diploid N. alata can
be used to produce inbred lines, such as recombinant inbred lines
(RILs) or near isogenic lines (NILs), which can be further used for
gene mapping and breeding. As more than half of the species of
genus Nicotiana are SI, the strategy presented should be beneficial
for researchers and breeders of other SI wild tobacco.

It is worth mentioning that unlike gene editing in N. tabacum
and other species by using Cas9-PF, purple phenotype did not occur
in N. alata (Figures 1, 2B; Supplementary Figure 2). As Cas9-PF
vector contains a visual selection marker mediated by the
constitutive overexpression of PAPI gene, it was supposed to
display distinct purple color in leaf, stem and flower (Liu et al,
2019). However, our results indicated that the PAPI gene-mediated
visual selection marker was ineffective in N. alata. Compared with
other N. alata lines that showed colorful flowers, the line (P142334)
we used had pure white flowers. Therefore, we speculate that this N.
alata line may have intrinsic genetic mutation in anthocyanidin
synthase pathway that renders the PAPI-mediated phenotype less
effective. Considering that the anthocyanidin synthase pathway has
been proved to be important for biotic and abiotic stress tolerance,
it is worth exploring which gene controls the anthocyanidin defect
phenotype and whether this gene plays a role in biotic and abiotic
stress tolerance in N. alata.

The aim of this study was to demonstrate the applicability of the
CRISPR-Cas9 system by performing gene knockout of the single
NalaPDS and allelic S-RNase genes using an improved N. alata
transformation protocol for the first time. A single gRNA was found
to be successful to achieve high efficiency editing, resulting in PDS
mutants with albino phenotypes. Dual gRNA was also proved to be
efficient to produce bi-allelic editing, resulting in self-compatible N.
alata. A rapid, easily operated, highly reproducible, and stable
transformation and CRISPR-Cas9-based genome editing system
for N. alata was established. We expect that the established
CRISPR-Cas9 system, with self-compatible lines and improved
genetic transformation approach, will enable functional genomics
and trait improvement in N. alata. In conclusion, this study lays the
foundation for a new era of genetic research in N. alata.
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SUPPLEMENTARY FIGURE 1

Alignment of genomic DNA and CDs sequences of PDS gene in N. tabacum,
N. benthamiana, and N. attenuata using the MEGA software. The position of
the translation initiation codon is indicated by a black arrow. Conserved
primers used for amplifying the first exon of NalaPDS are shown by blue
arrows. gRNA and the first intron of NalaPDS are indicated by red and black
underlines, respectively.

SUPPLEMENTARY FIGURE 2
Genetic transformation of the same Cas9-PF-SRNase plasmid in N. tabacum
by leaf disk and N. alata by hypocotyl segments. In contrast to N. tabacum
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1 Introduction

Palms encompass over 2,500 species, across 200 genera, ranking second only to grasses
(Poaceae) and legumes (Fabaceae) in the realm of agricultural food production and
industrial applications. The coconut (Cocos nucifera L.), arecanut (Areca catechu L.), oil
palm (Elaeis guineensis Jacq.), and date palm (Phoenix dactylifera L.) are among the
economically significant perennial species within the Arecaceae family. Coconut, often
referred to as the “tree of life,” is celebrated for its diverse range of applications in food,
nutrition, medicine, and various industrial uses (Ramesh et al., 2021). Coconut products
encompass edible oil derived from the kernel or testa, tender coconut water, kernel, copra,
coconut shell, coconut cake, wood-based products, coir pith, and items resulting from
various valorization processes. The unopened spathe is tapped to extract inflorescence sap
(neera), which can be further processed into jaggery, sugar, vinegar, and a variety of
secondary products (Hebbar et al., 2022).

Arecanut (Areca catechu L.) is a crop in tropical Asia and certain parts of East Africa. In
India, it holds a prominent place as a major commercial crop and is also medically important,
primarily grown in a few states of the country. Nevertheless, its commercial products are
distributed throughout India, and the country undeniably leads in terms of both area under
cultivation and production, accounting for 54% of the world’s output. The fruit or nuts of the
Areca catechu L. palm, commonly known as betel nut or supari, have a long history of use as a
masticatory product by the Indian population, dating back to the Vedic period. As a result,
arecanut is deeply intertwined with India’s history and social heritage. On a global scale, the
betel quid is used by as many as 600 million people in Asia alone.

Date palm, on the other hand, thrives in arid regions such as Egypt, Iran, Saudi Arabia,
and the UAE, among others (Aljohi et al., 2016). In addition to its fruit, date palm seeds also
serve as a novel source of edible oil, further expanding its industrial applications (Ali et al.,
2015). Oil palm stands out as an economically vital palm species, supplying approximately
35% of the world’s vegetable oil. The genetic improvement of oil palm could play a pivotal
role in global nutritional security.
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2 Palm problems

Economically important palm species worldwide are
experiencing stagnation in yield, a rapid deceleration in land
expansion, the effects of climate change, a surge in the cost of
production due to agricultural inputs and labor, as well as biotic
stressors like the emergence or reemergence of major pests and
diseases, among other challenges (Figure 1). The long juvenile phase
of palms, which can extend beyond 5-9 years, the time-consuming
process of backcross breeding (30 years for date palms and 15-18
years for oil palms), and the reliance on seeds, as the primary
propagule, severely hinder palm crop improvement programs.
Therefore, expediting the adoption of novel breeding
technologies, such as genome editing (GE), is imperative to
ensure that missed opportunities in genomics-assisted breeding
and genetic engineering, which have already revolutionized other
cereal and legume crops, are not lost.

Genome editing (GE) approaches have been transforming the
fields of plant breeding and genomics by enabling precise genetic
manipulation of crop species. The utilization of CRISPR/Cas9 holds
significant promise in revolutionizing agriculture and creating
opportunities for innovative developments in plant gene editing
systems (Chinnusamy et al., 2023; Saini et al, 2023). While the
effectiveness of GE techniques has been demonstrated in other field
crops and even in tree crops, it remains a relatively uncharted path
for genetic improvement in palm species such as coconut, arecanut,
or date palm, with the exception of oil palm. The utilization of
genetic engineering technologies for commercial purposes in palms
is currently quite limited. In addition to the complexity of palm

10.3389/fpls.2024.1385037

genomes, significant obstacles related to genetic transformation and
the development of efficient regeneration protocols pose major
challenges to the widespread adoption of GE technologies.

3 Palm genomic resources

Continuous improvement of genomic resources for palm
species is of paramount importance. Over the past decade, there
has been a significant increase in the scale of genome assemblies for
palms, opening the door to multi-omics studies. Genome
assemblies are now available for economically important palm
species such as oil palm (Elaeis guineensis Jacq), date palm
(Phoenix dactylifera L), coconut (Cocos nucifera L), and arecanut
(Areca catechu L), as well as related species like Calamus
simplicifolius and Daemonorops jenkinsiana. These assemblies
have been complemented by numerous resequencing and
transcriptomics approaches (Al-Mssallem et al., 2013; Singh et al,
2013; Wang et al., 2021; Yang et al., 2021; Zhao et al., 2018). In this
context, the development of the Arecaceae Multi-omics Database,
ArecaceaeMDB (http://arecaceae-gdb.com), is a significant step
forward. This database houses genomes of six economically
important palms, along with resequencing data from 1631
different accessions, over 800 transcriptome sequences, and 138
metabolome datasets (Yang et al., 2023). However, unlike fruit and
nut crops that benefit from well-assembled and high-quality
genome sequences (Savadi et al., 2021), palms, such as date palm,
present unique challenges due to their dioecious nature, requiring
specialized assembly software and additional considerations for the
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development of effective genomic resources (Hazzouri et al., 2020).
Nonetheless, the successful demonstration of the proof-of-concept
of CRISPR/Cas9 application in various fruit tree crops, including
apple, cacao, coffee, citrus, grape, pomegranate, pear, and walnut
(Savadi et al., 2021), as well as in some forest tree crops (Cao et al.,
2022) and in palms (Yeap et al,, 2021), suggests that this approach

may become a mainstay in the long run.

4 Potential applications of CRISPR-
Cas9 system in palms

In the context of coconut, the identification of disease
susceptibility factors represents a crucial area of research. This is
essential to identify genomic regions or genes responsible for
disease susceptibility, with the aim of manipulating them through
the adoption of gene-editing technologies. Some of the potential
gene targets include PR1, PR4, the pathogenesis-related genes
transcriptional activator PT15-like gene, thaumatin-like protein,
HSP70, and glutathione S-transferase. These genes have been
identified as susceptibility factors in the case of root (wilt)
disease in coconut (Rajesh et al, 2015; Verma et al., 2017;
Arumugam and Hatta, 2022). Considering the diversity of pests
affecting palms, adoption of multi-pronged strategies such as
CRISPR-Cas9 based sterile insect technique, and targeting
female insect reproductive fitness (eg., egg-specific protein
encoding gene), or incorporating ovary targeting molecular
signals in CRISPR-Cas9 system for heritable genome editing are
warranted. These strategies aim to enhance the resilience of palm
crops against insect pest damage.

In certain plants characterized by a low transformation
efficiency, such as maize, the issue of limited transformation
success has been successfully addressed through the over-
expression of key regulators of somatic embryogenesis, such as
Baby Boom (Bbm) and Wuschel2 (Wus2). While this particular
approach has not yet been explored in the context of coconut, there
is potential value in enhancing the regeneration process by adopting
this method.

Palm products, especially those derived from the minimal
processing of tender coconut nuts, require suitable anti-
browning agents to prevent enzymatic browning reactions,
ensuring visually appealing end products. In addition to the
manipulation of agronomic traits, the application of the
CRISPR/Cas9 system has been explored to mitigate enzymatic
browning. This is achieved by creating mutations in the StPPO2
gene, resulting in a significant reduction in enzymatic browning
by up to 75% (Gonzalez et al., 2020). Similarly, Maioli et al.
(2020) discussed the potential application of genome editing
technologies in the development of eggplant berries, which
exhibited a 52% reduction in PPO activity in edited lines
compared to wild types, achieved by knocking out three PPO
genes (SmelPPO4, SmelPPO5, and SmelPPO6). These studies
demonstrate that, in addition to reducing enzymatic browning,
the nutritional potential of post-harvest produce, including
their antioxidant potential and phenolic content, is
effectively preserved.
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Palms in field conditions face a range of abiotic stresses induced
by climate change, including monsoon variability, elevated
temperature stress, rising atmospheric CO, levels, and sea-level
rise leading to salinity stress. Unlike annual crops, palms endure
these abiotic challenges for an extended period during their lifespan,
necessitating the adoption of genomics technologies to mitigate
these stresses. Genetic mapping of genes associated with abiotic
stress tolerance or related traits in mature palms is hindered due to
their long juvenile phase and the costs involved in cultivating and
maintaining large mapping populations in the field. Additionally,
regions where palms are grown are experiencing increased soil
salinity and sea-level rise, making it imperative to molecularly
characterize abiotic stress response pathways.

Consequently, the adoption of CRISPR/Cas9 editing in palms
involves numerous strategic considerations, including the selection
of target genes, the sequence features of sgRNA, the method and
tissue used for delivery, and the implementation of appropriate in
vitro regeneration protocols. The highly heterozygous nature of
palm genomes presents a challenge in designing sgRNAs that
effectively match the target gene sequences near a protospacer
adjacent motif (PAM) site. Traditional breeding methods, which
can take 15-20 years or more, coupled with obstacles in developing
genetic engineering-based high oleic acid-producing oil palm lines,
have prompted the use of a multiplex CRISPR/Cas9 system to target
multiple genomic sites (Bahariah et al., 2023). Given the nutritional
significance of dietary oils, the application of CRISPR/Cas9
technology for targeting oil palm genes such as fatty acid
desaturase 2 (FAD2) and palmitoyl-acyl carrier protein
thioesterase (PAT) to modulate fatty acid metabolism and
produce high-oleic acid oil holds significant promise for similar
interventions in coconut palms (Bahariah et al., 2023).

Tree crops necessitate rapid genetic modification protocols
and the development of genetically modified plants within a few
generations as expediently as possible. In this context, the
biallelic edits achievable through the CRISPR/Cas9 approach
offer a means to swiftly generate genetically homozygous lines,
circumventing the need for elaborate breeding methods to
introduce homozygosity (Hazzouri et al., 2020). The successful
establishment of electroporation-mediated protoplast
transformation of sgRNA and genome editing components in
oil palm suggests the potential for generating DNA-free genome-
edited palms. However, the lack of an effective regeneration
protocol for oil palm protoplasts significantly hampers the
development of DNA-free genome-edited palms. Moreover,
the creation of an efficient in vitro electro-transfection assay in
oil palm for rapid assessment and evaluation of gRNA efficiency
would substantially reduce the time and cost of transformation
and regeneration, particularly for oil palm and other palm
species (Yeap et al, 2021). In addition, development of gene
editing protocol through de novo induction of meristems
in dicots and the efficiency of cut-dip-budding (CDB)
delivery system could enable rapid production of genetically
modified germplasm (Maher et al., 2020; Cao et al., 2023).
By implementing the PEG-mediated delivery system for
Cas proteins and sgRNA, coupled with the establishment of a
proficient protoplast regeneration system for palms, as
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successfully demonstrated in Hevea brasiliensis (Fan et al., 2020),
we can significantly expedite the genome-editing-mediated
breeding process.

Palm genomes are characterized by high allelic heterozygosity
due to their outcrossing nature. Consequently, the presence of a
high number of single nucleotide polymorphisms (SNPs) in the
genome makes GE technologies less efficient in these crops. Thus,
resequencing cultivars of interest and incorporating features related
to the multi-ploidy nature of palm genomes into web-based
algorithms, for sgRNA design in plants, are recommended to
enhance the existing genomic resources for homozygous crops
and model plants (Sattar et al., 2017). Nevertheless, it is
anticipated that the application of CRISPR/Cas9-based genome
editing will greatly facilitate the exploration of gene-function

10.3389/fpls.2024.1385037

relationships and their impact on phenotypic traits, expediting
crop improvement programs in palm species (Table 1).

5 Concluding remarks

Thus far, the CRISPR/Cas9 technology has demonstrated its
effectiveness in genome editing of trees. Genome modification has
been successfully accomplished in oil palm, and numerous fruit and
nut tree crops. Several genes within these tree or perennials have
manipulated through genome editing, aimed at enhancing
resistance to both biotic and abiotic stressors, manipulating
flowering and fruit ripening times, improving plant growth
attributes, and enhancing the flavor profiles of their fruits.

TABLE 1 Major achievements in genome editing (GE) for tree crops and the prospects for its application in palms.

Species = Target gene(s) Strategy  Features Reference
1 Cocoa TcNPR3 (Non-Expressor of Pathogenesis-Related 3) ~ CRISPR/ Knock down of defense suppressor T(NPR3 resulted in  Fister
Cas9 enhanced resistance to pathogen et al, 2018
Phytophthora tropicalis
2 Elaeis EgPDS (phytoene desaturase) and EgBRI1 CRISPR/ Electroporation based transformation of protoplast Yeap
guinensis (brassinosteroid-insensitive 1) Cas9 showed 62.5-83.33% and 58.82-100% et al., 2021
mutation frequency
3 Sweet CsPDS (phytoene desaturase) CRISPR/ Agrofiltration utilizing Xcc targeting carotenoids Jia and
orange Cas9 sgRNA  biosynthesis caused 3.2-3.9% mutation but no albinos Wang, 2014
4 Apple Reporter gene uidA ZFN (Zinc Stable and heritable gene mutation Peer
finger et al, 2015
nuclease)
5 Populus PtoPDS (phytoene desaturase) CRISPR/ Mutation efficiency of 51.7% and albino phenotypes Fan
tomentosa Cas9 et al, 2015
6 Hevea flowering time related genes (HbFTI, HbFT2 and CRISPR/ Used endogenous U6 promoters in protoplasts Dai
brasiliensis HbTFL1-1, HbTFL1-2, HbTFL1-3) Cas9 et al., 2021
7 HbPDS(phytoene desaturase) CRISPR/ Stable transformation Dai
Cas9 et al,, 2021
8 Eucalyptus CCRI (cinnamoyl-CoA Reductasel), JAA9A (an CRISPR/ Wood-related genes edited in Eucalyptus hairy root Dai
grandis auxin-dependent transcription factor of Aux/ Cas9 et al., 2020
TAA family)
9 Elaeis EgPDS (phytoene desaturase) CRISPR/ Albino phenotypes with a Yeap
guinensis Cas9 mutation efficiency of 62.5-83.33%. et al,, 2021
EgBRI1 (brassinosteroid-insensitive 1) CRISPR/ premature necrosis and stunted phenotype Yeap
Cas9 et al,, 2021
EgWRKY, DREBI1, EgRBP42, EGEREBP and EgNAC Base editing Abiotic stress tolerance Yarra
et al,, 2020
10 Phoenix Pdpcs and Pdmt - Abiotic stress tolerance Chadbene
dactylifera (Cd and Cr) resistance et al,, 2018
Pdpcs and Pdmt - Abiotic stress tolerance Chaabene
(heavy metals) et al, 2017
11 Cocos *PTI5 - Root (wilt) disease resistance Verma
nucifera *PRI, PR4, et al, 2017
*pathogenesis-related genes transcriptional activator
PT15-like gene,
*thaumatin-like protein, HSP70,
*glutathione S-transferase
(Continued)
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TABLE 1 Continued

10.3389/fpls.2024.1385037

Sl.  Species Target gene(s) Strategy  Features Reference
\[e)
NBS-LRR type resistant gene analogues Root (wilt) disease resistance Rajesh
et al, 2015
12 Elaeis Genes of agronomic importance (disease resistance, Ganoderma Yeap
guineensis abiotic stress tolerance, dwarfness) disease, abiotic stress tolerance, ease of harvesting et al,, 2021
traits such as dwarf, long stalk
13 Phoenix Genetic markers for sex determination Early determination of sex distinguishes Sattar
dactylifera dioecious palms et al, 2017
Resistance genes in SNP desert of date palm Abiotic and biotic stress tolerance Sattar
et al, 2017

Innovations have led to the development of modified enzymes,
offering increased efficiency in genome editing. Additionally, new
and improved systems for gene editing and simultaneous activation
of transcription have emerged, which are pertinent to the creation
of novel palm varieties with wider applications.
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