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Editorial on the Research Topic
CRISPR-Cas in Agriculture: Opportunities and Challenges

CRISPR-CAS TECHNOLOGY: STATE OF THE ART, POLICY, AND
REGULATION

CRISPR-Cas genome editing technology is developing at a rapid pace and new molecular tools,
such as CRISPR nucleases, are becoming regularly available. As part of this Research Topic,
Bandyopadhyay et al. provide a comprehensive overview of Casl2a, a CRISPR nuclease formerly
known as Cpfl. In their review article, the authors cover structural and mechanistic aspects of
Casl2a in comparison with Cas9, the most commonly used CRISPR nuclease. They also highlight
uses of Casl2a for the purpose of improving agriculturally important traits in various crops. An
overview of Cas9 genome editing applications in plants is provided by El-Mounadi et al. who
introduce the reader to the mechanism of Cas9 activity, methods of its delivery to plant cells (i.e.,
transformation techniques), give examples of improving crop traits using CRISPR-Cas9, and touch
on biosafety and regulatory aspects associated with genome editing. A number of countries (e.g.,
the USA, Brazil, Argentina, and Japan) have already exempted genome edited crops, which do
not carry transgenic DNA or novel combination of genetic material (i.e., not similarly achievable
through conventional breeding), from being regulated similarly to Genetically Modified Organisms
(GMOs) as genetically engineered (GE) organisms (Schmidt et al., 2020). Although the above-
mentioned countries have passed legislation allowing cultivation of genome edited crops without
GE regulation, the public dialogue and policy developments on the issue are evolving. In the case of
Japan, Tabei et al. analyze Twitter conversation on genome-edited foods and their labeling over
the period from May to October 2019. The analysis reveals that 54.5% of relevant tweets were
statements opposed to food produced using genome edited crops, while only 7% were statements in
favor of it. The remaining 38.5% of tweets were statements deemed neutral. Although the analysis
was not necessarily representative of the wider Japanese society due to bias among Twitter users,
the study underlines the importance of a continuous public dialogue on the issue of genome edited
crops in Japan and the rest of the world.

CRISPR-CAS AS A TOOL FOR GENE FUNCTION STUDIES AND
CROP TRAIT IMPROVEMENT

One of the factors impacting the efficiency of CRISPR-Cas is the expression level of the gene
encoding the respective nuclease during different developmental stages of the plant. For example,
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CRISPR-Cas mutagenesis in Arabidopsis often results in
chimerism in the T1 generation due to low expression of Cas9
(when driven by a promoter, such as 35S) during the zygote
and early embryo developmental stages (Feng et al., 2014). To
address the chimerism problem, egg cell-specific promoters could
be a good choice to drive CRISPR nuclease gene expression for
increasing the rates of CRISPR-Cas-induced germline mutations,
which are inherited by the next generation (Wang et al., 2015;
Yan et al., 2015; Mao et al., 2016). Zheng et al. test four different
egg cell-specific promoters (two from Arabidopsis and two from
soybean) to drive expression of Cas9 in Arabidopsis and soybean
transgenic lines. Out of the four promoters, AtEC1.2el.1p, which
is an adaptation of the previously published AfECI.1 and AtECI1.2
promoter fusion (Wang et al., 2015), seems to perform best in
both plant species. The study by Zheng et al. therefore contributes
new molecular tools for efficient targeted mutagenesis in a model
plant, such as Arabidopsis, and an economically important crop,
such as soybean.

Virdi et al. and Zhang et al. highlight the use the CRISPR-
Cas for gene function analysis. Virdi et al. studied the soybean
KASI gene, which is crucial for conversion of sucrose to oil.
They demonstrate that CRISPR-Cas induced knockout and in-
frame deletion of Gmkasl alleles, have an increase in seed
sucrose content and a decrease in total seed oil content relative
to wild type. These phenotypes are consistent with what was
observed in the mutant line where the GmKASI gene is disrupted
by a reciprocal chromosomal translocation. Thus, the authors
prove that the phenotype of the line carrying the chromosomal
translocation is indeed due to disruption of the GmKASI gene.

Zhang et al. report on knocking out 63 genes involved in
immune response in tomato. The authors performed a detailed
analysis of the types of mutations generated at an average
frequency of 68%, which is similar to previously reported rates
for CRISPR-Cas mutagenesis in tomato (Brooks et al., 2014;
Nekrasov et al., 2017). They demonstrate that the mutations were
transmitted through the germline to the next generation. The
off-target analysis they performed for 12 guide RNAs showed
no mutations at off-target sites with up to four mismatches
and, indicating the high precision of CRISPR-Cas in tomato,
this was consistent with what was previously reported (Nekrasov
et al., 2017; Hahn and Nekrasov, 2019). The knockout lines are
cataloged in the online Plant Genome Editing Database (PGED;
http://plantcrispr.org; Zheng et al., 2019).

The CRISPR-Cas technology is a versatile genome editing
tool that has been used to improve agriculturally important
crop traits, such as quality, disease resistance, and herbicide
tolerance. In potato, enzymatic browning is a serious problem
for both growers and the industry as it decreases the quality of
both the fresh and processed product. Gonzéilez et al. report
on a successful application of CRISPR ribonucleoproteins
for the purpose of reducing enzymatic browning in potato
tubers by targeting the Polyphenol Oxidase 2 gene (StPPO2),
one of the five potato PPO genes. By disrupting all four
copies of StPPO2 the authors achieved a dramatic reduction
in tuber PPO activity (up to 69%) and enzymatic browning
(73%). The findings presented by Gonzadlez et al. are
consistent with the reported reduction in potato browning

achieved by silencing the StPPO2 gene using RNAi (Richael,
2021).

In addition to dicot crops, CRISPR-Cas has been extensively
used for trait improvement in cereals, such as rice and maize.
As an example, Zafar et al. are reporting on enhancing disease
resistance to Xanthomonas oryzae pv. oryzae (Xo0), a pathogen
causing bacterial blight in rice, by editing the promoter of
a susceptibility (S) gene. Xoo secretes transcription activator-
like effectors (TALEs) that activate host S genes, such as
OsSWEET family members. Using CRISPR-Cas, the authors
introduced deletions overlapping with effector binding elements
(EBEs) recognized by AvrXa7/PthXo3 or TalF TALEs within
the promoter of the OsSWEETI4 gene in the Super Basmati
elite cultivar. Mutant rice lines carrying deletions in the
AvrXa7/PthXo3 EBEs showed enhanced resistance to the Xoo
strain carrying AvrXa7 in agreement with previously published
reports (Li et al.,, 2012; Blanvillain-Baufumé et al., 2017; Oliva
etal., 2019; Xu et al., 2019).

In another report, Komatsu et al. address the problem of
“volunteer rice” that emerges from seeds falling into fields during
the harvest season and then spontaneously germinates the next
spring. If volunteer rice originates from a feed variety, it can
compromise the quality of rice meant for human consumption,
which is grown during the next season. As many japonica rice
cultivars are resistant to beta-triketone herbicides (bTH), such
as benzobicyclon (BBC), the authors tested the feasibility of
engineering BBC susceptibility in japonica rice (cv. Nipponbare)
by targeting the HISI gene using the cytosine base editor (CBE).
They successfully generated a number of hisI knockout lines
by eliminating the start codon or introducing premature stop
codons within the HISI coding sequence. The hisl loss-of-
function lines appear to be susceptible to BBC and other beta-
triketone pesticides, paving a way to controlling volunteer rice
in the field by applying the same strategy to BBC-resistant feed
rice cultivars.

In maize, Gao et al. report on a CRISPR-Cas9- and
recombinase-mediated strategy for stacking biotech traits within
complex trait loci (CTLs). Each CTL spans 4-5 cM and includes
12-30 pre-selected sites used for insertion of a landing pad
via homology-directed repair (HDR) using CRISPR-Cas9. As a
result, the authors generated a set of individual transgenic lines,
each carrying a landing pad at one of the preselected sites within
one of the four CTLs. At the following step, the landing pad-
carrying lines were used for integration of trait genes using the
FLP recombinase. Finally, integrated trait genes were stacked
on the same chromosome by crossing respective individual
transgenic lines and selecting recombinants. The study by Gao
et al. therefore presents a modular and flexible way of stacking
biotech traits, as compared to previously reported strategies
involving recombinases or zinc finger/homing endonucleases
(Ow, 2011; D’Halluin et al., 2013; Kumar et al., 2015), due to the
possibility for trait genes to be easily combined or separated (e.g.,
in case one of them loses efficiency) by conventional breeding.

This volume highlights the many opportunities that
the CRISPR-Cas systems hold for Agriculture. Both Cas9
and Casl2a have been proven to drive edits in plants
and new improvements, such as using germline-specific
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promoters that increase heritability, will only enhance their
potential (Zheng et al.). The CRISPR-Cas systems have been
successfully implemented to forward basic research, such
as gene discovery of oil (Virdi et al) and disease genes
(Zhang et al.), as well as improve agricultural outcomes
e.g., via decreasing potato browning (Gonzalez et al.),
improving disease resistance (Zafar et al), mitigating
volunteer rice (Komatsu et al), and stacking biotech
traits (Gao et al.). In order for this potential to be fully
realized, Tabei et al. showed that work must be done to gain
public acceptance and ensure implementation of favorable
public policy.
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Polyphenol Oxidases (PPOs) catalyze the conversion of phenolic substrates to quinones,
leading to the formation of dark-colored precipitates in fruits and vegetables. This process,
known as enzymatic browning, is the cause of undesirable changes in organoleptic
properties and the loss of nutritional quality in plant-derived products. In potato (Solanum
tubersoum L.), PPOs are encoded by a multi-gene family with different expression
patterns. Here, we have studied the application of the CRISPR/Cas9 system to induce
mutations in the StPPO2 gene in the tetraploid cultivar Desiree. We hypothesized that the
specific editing of this target gene would result in a lower PPO activity in the tuber with the
consequent reduction of the enzymatic browning. Ribonucleoprotein complexes (RNPs),
formed by two sgRNAs and Cas9 nuclease, were transfected to potato protoplasts. Up to
68% of regenerated plants contained mutations in at least one allele of the target gene,
while 24% of edited lines carried mutations in all four alleles. No off-target mutations were
identified in other analyzed StPPO genes. Mutations induced in the four alleles of StPPO2
gene, led to lines with a reduction of up to 69% in tuber PPO activity and a reduction of
73% in enzymatic browning, compared to the control. Our results demonstrate that the
CRISPR/Cas9 system can be applied to develop potato varieties with reduced enzymatic
browning in tubers, by the specific editing of a single member of the StPPO gene family.

Keywords: CRISPR/Cas9, potato, genome editing, enzymatic browning, polyphenol oxidase,
ribonucleoprotein complexes

INTRODUCTION

Polyphenol Oxidases (PPOs; E.C.1.10.3.1, E.C.1.10.3.2, or E.C.1.14.18.1) are copper-containing
enzymes, widely distributed among higher plants (Yoruk and Marshall, 2003), that catalyze the
oxidation of an extensive range of phenolic compounds to their respective quinones. The quinones

Frontiers in Plant Science

www.frontiersin.org 8

January 2020 | Volume 10 | Article 1649


https://www.frontiersin.org/article/10.3389/fpls.2019.01649/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01649/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01649/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01649/full
https://www.frontiersin.org/article/10.3389/fpls.2019.01649/full
https://loop.frontiersin.org/people/620810
https://loop.frontiersin.org/people/620810
https://loop.frontiersin.org/people/808133
https://loop.frontiersin.org/people/808133
https://loop.frontiersin.org/people/527732
https://loop.frontiersin.org/people/527732
https://loop.frontiersin.org/people/819864
https://loop.frontiersin.org/people/819864
https://loop.frontiersin.org/people/847547
https://loop.frontiersin.org/people/847547
https://loop.frontiersin.org/people/389341
https://loop.frontiersin.org/people/389341
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles
http://creativecommons.org/licenses/by/4.0/
mailto:gonzalez.matiasn@inta.gob.ar
https://doi.org/10.3389/fpls.2019.01649
https://www.frontiersin.org/journals/plant-science#editorial-board
https://www.frontiersin.org/journals/plant-science#editorial-board
https://doi.org/10.3389/fpls.2019.01649
https://www.frontiersin.org/journals/plant-science
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2019.01649&domain=pdf&date_stamp=2020-01-09

Gonzélez et al.

Non-Browning Potatoes Obtained With CRISPR/Cas9

generated by action of PPOs can undergo self-polymerization or
react with amino acids or free radicals in proteins leading to the
formation of dark-colored precipitates (Mayer, 2006). This
process, known as Enzymatic Browning, is the cause of
reduction in quality that alters the color, taste, texture and
nutritional value of several fresh and processed fruits and
vegetables (Jukanti, 2017). In addition, the oxidation of
polyphenolic compounds by PPOs in plant derived products
for human consumption is highly undesirable, since polyphenols
are natural antioxidants with possible protective effects against
cancer and cardiovascular diseases (Shahidi and
Ambigaipalan, 2015).

In potato (Solanum tuberosum L.), enzymatic browning is a
serious problem for both, producers and the industry, because
the tubers can be affected during harvest and post-harvest
procedures such as shipping, storage, distribution and
blanching (Bachem et al., 1994). This undesired process is
controlled in industry by using chemical and/or physical
agents (Zhang et al., 2018b). However, these methods have
important disadvantages including alterations of organoleptic
and nutritional quality of the final products and some of them
can even represent a potential risks for human health (Tinello
and Lante, 2018). Therefore, the development of new
technologies to control PPOs activity in planta is the most
promising and safest approach to avoid undesirable browning
compounds in fresh and processed potato derived products.

In most of plant species, PPOs are encoded by multi-gene
families, which suggests their implication in a variety of cell
processes (Tran et al., 2012). PPOs have been associated with
several metabolic and biosynthetic processes (Jukanti, 2017) as
well as with plant defense responses (Li and Steffens, 2002;
Thipyapong et al., 2004; Wang and Constabel, 2004;
Kampatsikas et al., 2019). Five PPO genes have been originally
described in potato (StPPO), each one having a special pattern of
tissue induction and expression (Thygesen et al., 1995). Once the
potato genome sequence data was available (Potato Genome
Sequencing Consortium, 2011), a genome-wide survey revealed
nine StPPO-like genes (named StPPOI to 9), with differential
prevalence of EST's found from different potato tissues (Chi et al.,
2014). Several reports have described the use of different RNA
silencing technologies to down regulate StPPO genes, in order to
reduce the enzymatic browning in the tubers (Bachem et al,
1994; Coetzer et al., 2001; Rommens et al., 2006; Llorente et al.,
2011). Most of these reports are based on down-regulation of
multiple StPPO genes, which could have a negative impact on
other functions of the enzyme in the plant. Moreover, with this
strategy, the gene constructs of the silencing machinery need to
be stably inserted into the genome, which represents a drawback
considering the time-consuming and costly process of
deregulation of a Genetically Modified Organism (GMO) in
several countries (Eckerstorfer et al., 2019).

Chi et al. (2014) studied the contribution of each member of
the StPPO gene family to the total PPO protein activity in the
potato tuber. By using artificial micro-RNAs (amiRNAs) authors
down-regulated StPPO genes individually or in combinations,
concluding that four genes are the main responsible for PPO

activity in the tuber. StPPO2 (PGSC0003DMG400018916) gene
is the principal contributor to PPO total protein content, with
55% of the total enzyme, followed by StPPOI
(PGSC0003DMG400029575) with 25-30% and StPPO4
(PGSC0003DMG400018917) and StPPO3
(PGSC0003DMG400018914), together with less than 15%.

Genome editing using the CRISPR/Cas9 system is a powerful
tool for crop improvement and has been applied to add or
modify several traits in many economically important plant
species (Arora and Narula, 2017; Baltes et al., 2017; Scheben
et al,, 2017; Gao, 2018). In its simplest form, the Cas9 nuclease is
guided by one or more RNA molecule/s (sgRNA/s) to a specific
target site in the host genome to introduce a double stranded
break (DSB) in the DNA (Jinek et al., 2012). Following the
induction of this DSB, mutations are introduced by the error-
prone DNA repair mechanism of Non Homologous End Joining
(NHE]J), (Puchta, 2005). When performed in an exon, this can
produce a loss of gene function due to frame shifts or deletions of
specific fragments of the coding sequence. Cas9 and sgRNAs can
be directly delivered to the cell as a Ribonucleoprotein complex
(RNPs), (Woo et al., 2015) an approach that avoids foreign DNA
insertions in the plant genome. This strategy has been
successfully applied to modify genes in several important crops
like maize (Svitashev et al., 2016), bread wheat (Liang et al., 2017)
and, more recently, potato (Andersson et al., 2018). Considering
the current criteria for the determination of the regulatory status
of genome edited crops in Argentina and other countries
(Whelan and Lema, 2015; Lema, 2019), this approach could
result in the development of crop varieties not subjected to the
cumbersome GMO regulation process, and treated under the
same regulatory framework as varieties obtained by conventional
breeding, which includes chemical or radiation mutagenesis
(Eckerstorfer et al., 2019).

In this work, we have studied the editing of the StPPO2 gene
in the tetraploid cultivar Desiree, by using the CRISPR/Cas9
system. The reagents for genome editing were delivered in the
form of RNPs into potato protoplasts, aiming to avoid the
insertion of foreign DNA. Regenerated lines were screened for
induced mutations in the target gene and potential off target
activity on other members of StPPO gene family. Selected lines
with mutations in the four alleles of the target gene were grown
and assayed for enzymatic browning and PPO activity levels
in tubers.

RESULTS

SgRNA Design on StPPO2 Gene and Off
Target Prediction

In order to find targets to direct Cas9 nuclease to the StPPO2
gene, a fragment covering the 5’end of the coding sequence was
amplified from S. tuberosum cv. Desiree and sequenced. The
amplified fragment was predicted to encode the N-terminal of
the enzyme, including the first copper-binding site (CuA;
Supplementary Figure S1), which forms part of the active site
(Marusek et al., 2006). Two sgRNAs were selected on the
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resulting sequence with strict absence of allelic variation and
named sgRNA157 and sgRNA564 (Figure 1A). The expected
cutting sites for Cas9 on each target were estimated to be
separated by 111 bp on the StPPO2 sequence (Supplementary
Figure S1).

In order to avoid inducing mutations in other StPPO genes,
the two selected sgRNAs were analyzed for possible off target
activity. Considering up to four mismatches (Hahn and
Nekrasov, 2019) StPPOI and StPPO4 genes were identified as
possible off targets of sgRNA564 (Figure 1B and Supplementary
Figures S2 and $3). Four mismatches at positions +1, +2, +8, and
+13 from the Protospacer Adjacent Motif (PAM) were identified
in the potential off target site on StPPO1 and four mismatches at
positions +1, +8, +13, and +20, in the potential off target site on
StPPO4 (Figure 1B).

No putative off targets on StPPO genes were found for
sgRNA157 considering four or less mismatches. Figure 1C
shows the alignment of sgRNA157 with the corresponding
sequences of StPPOI and StPPO4. Although not considered as
possible off targets according to the mentioned parameters, both
regions were included for further analysis. As highlighted, five
mismatches were identified between StPPOI and sgRNA157. In
addition, a non-canonical PAM sequence (NAG) was found at
the 3’ end of the StPPOI gene sequence (Figure 1C). Eight
mismatches were identified between sgRNA157 and the
corresponding sequence of the StPPO4 gene (Figure 1C).

Protoplast Transfection With RNPs and
Mutation Screening of Regenerated Lines
CRISPR/Cas9 was delivered in the form of Ribonucleoprotein
complexes (RNPs, Andersson et al., 2018) into protoplasts by
transfections with 25 or 40% Polyethylenglycol 4000 (PEG) and

incubations times of 3 or 30 min, respectively. After
regeneration, the identification of edited lines was carried out
using the High Resolution Fragment Analysis (HRFA, Figure
2A). Based on the analysis of 64 lines regenerated from the 25%
PEG transfection, the genome editing efficiency was 27%, defined
as the percentage of analyzed lines carrying mutations in at least
one allele of the target gene. On the other hand, from the 40%
PEG transfection, 28 regenerated lines were analyzed and 68%
were found to carry mutations. Taking both transfections
together, nine edited lines displayed mutations in all the four
alleles of the target gene, with eight of these lines originated from
the 40% PEG transfection (Table 1). The majority of mutations
were small deletions, but in several lines, larger deletions from
102 to 118 nucleotides were observed (Table 1), suggesting that
Cas9 nuclease introduced cuts at both targets sites, leading to the
elimination of the fragment in between. In addition, insertions
ranging from 22 to 302 bp were identified in nine lines (Table 1).
Finally, more than four allelic variants suggesting chimerism was
not observed in any of the 92 analyzed lines (Table 1).

Sequence Analysis of StPPO2 in Selected
Lines

Sequence analysis was performed on selected lines to confirm
HRFA results (Figure 2B and Supplementary Figure S$4). In
lines M07056, M08001 and MO08002, small deletions were
identified, which in most alleles were the product of mutations
induced at both target sites, without the elimination of the
fragment in between (Figure 2B and Supplementary Figure
$4). In the case of M07056, all mutations are predicted to change
the reading frame of the StPPO2 coding sequence
(Supplementary Figure S4). The loss of the fragment spanned
by the two sgRNAs target sites, was confirmed in alleles of lines

A

v PAM

TGGTACTTGTACTTCCACGAGAGAATCGTGGGAARAA. .
ACCATGAACATGAAGGTGCTCTCTTAGCACCCTTTT. .

ATG
B
sgRNA564 . .GTACTTCCACGAGAGAATCG.....
StPPO1 .GTACTTCTACGAAAGAATTTTGG. .
StPPO4 .ATACTTCTACGAAAGAATCTTGG. .

PAM

.GACTTCCCTTTTCGATGTAACACGTGACCAAAGTCA
.CTGAAGGGAAAAGCTACATTGTGCACTGGTTTCAGT

TAA
C
sgRNA157 . .GTCACGTGTTACATCGAAAA.....
StPPO1 .GTTACGTTTATCATCGTAAAGAG. .
StPPO4 .ACCACGCCTTTCGTCATAAAGGG. .

PAM

FIGURE 1 | sgRNA design on the StPPO2 gene and off target prediction (A) The structure of StPPO2 gene is shown with the theoretical positions of the start (ATG,
green box) and stop codons (TAA, red box). The partial sequence used for sgRNA design is shown above the gene structure. Targets sites for sgRNAs are marked
in green letters and the PAM (5’-NGG-3') of each target site is indicated. Black arrowheads indicate the predicted cut site for the Cas9 nuclease (B) Predicted off
target sites for sgRNA564 on StPPOT and StPPO4 genes, with mismatches marked in red letters (C) Alignment of sgRNA157 with StPPO7T and StPPO4 genes, with

mismatches marked in red letters.
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A [
k {k\ f\\ }L J[ I( L } h Desiree
-1 5
J{ Ik | }L J[ JL MJL ) mosoor
-1 9 +22
J\ IK A‘m }\ J‘ (\ l | f\ M08002
40
h {L | }L J[ JL L JL M08003
Desiree 0 CTTGTACTTCCACGAGAGAATCGTGGGAAAA. ..GACTTCCCTTTTCGATGTAACACGTGACCAA Freq
M08001.1 -5 CTTGTACTTCCACGAGAGA-TCGTGGGAAAA. . .GACTTCCCTTTT----GTAACACGTGACCAA 1/9
M08001.2 -111 CTTGTACTTCCACGAGAGAAT-——-——-=---— o CGATGTAACACGTGACCAA 8/9
M08002.1 +22 CTTGTACTTCCACGAGAAAAGTTTTAAGAGCTAGAAAT...CTTTCTCGATGTAACACGTGACCAA 1/10
M08002.2 -9 CTTGTACTTCCACGA----ATCGTGGGAAAA. . .GACTTCCCTTT----— GTAACACGTGACCAA 2/10
M08002.3 -111 CTTGTACTTCCACGAGAGAAT-——=——————-— P bbb CGATGTAACACGTGACCAA 7/10
M08003.1 0 CTTGTACTTCCACGAGAGAATCGTGGGAAAA. ..GACTTCCCTTTTCGATGTAACACGTGACCAA 7/9
M08003.2 -4 CTTGTACTTCCACGAGAGAATCGTGGGAAAA...GACTTCCCTTTT----GTAACACGTGACCAA 2/9
FIGURE 2 | Identification of edited lines using High Resolution Fragment Analysis (HRFA) and characterization of mutations by sequencing (A) Electropherograms of
HRFA obtained for wild type Desiree and lines MO8001, M08002, and M08003. The orange peaks correspond to the elution points of the size standard and green
peaks correspond to elution of the StPPO2 gene fragments. The elution of the wild type fragment is set to 0 and the number of bases inserted (+) or deleted () in
each fragment is indicated above the respective peak (B) Sequencing of a partial fragment of the StPPO2 alleles in selected lines. Target sites for the sgRNAs are
marked in green letters. Deleted nucleotides are indicated as hyphens and inserted bases are marked in red letters. The frequencies obtained during Sanger analysis
are indicated, as the number of clones carrying each allelic variant related to the total number of sequenced clones.

M08001, M08002 (Figure 2B), and M08008 (Supplementary
Figure S4), as was indicated by the HRFA results. The presence
of the wild type allele was confirmed in line M08003, along with
at least one allele carrying a deletion of 4 bp on the target site of
sgRNA157 (Figure 2B). Moreover, the lower prevalence of the
mutated allele in comparison with the wild type in the sequence
analysis, suggest that M08003 possess multiple copies of the wild
type allele (Figure 2B).

Finally, insertions observed in the HRFA were analyzed in
lines M08008 and M08002. The larger insertions were found to
correspond to fragments of genomic DNA of potato as well as
elements of DNA used for the in vitro transcription of the
sgRNAs (Figure 2B and Supplementary Figure $4).

Analysis of Off Target Mutations in StPPO
Genes

Unexpected mutations have been reported in plants using
CRISPR/Cas9 as a genome editing tool (Zhang et al., 2018a).
With the aim of analyzing the presence of off target mutations on
other StPPO genes, HRFA was performed on StPPOI and
StPPO4 genes in selected lines carrying mutations in all the
four alleles of StPPO2 gene. The electropherograms analysis
revealed no differences in fragments length between the edited
lines and the control (Figures 3A, B and Supplementary Figure

§5), indicating no insertions or deletions introduced on the
possible recognition sites for the two sgRNAs.

Enzymatic Browning and PPO Activity
Analysis in Tubers
Selected lines carrying mutations in all four alleles of the StPPO2
gene were subjected to phenotypic analysis of enzymatic
browning and PPO activity in tubers. A wild type line obtained
from the regeneration of non-transfected protoplasts were used
as a control (Desiree RC). Line M08003 was also included, since
it presents a mutation in at least one allele of the target gene,
together with at least one copy of the wild type allele (Figure 2B).
All lines were grown in a growth chamber and displayed no
evident phenotypic abnormalities during plant development.
For phenotype analysis, the tubers were cut, exposed to air
and discoloration development was registered at times 0, 24, and
48 h after cutting (Figure 4). After 24 h of air exposure, the
typical brown discoloration related to oxidation was visible in
lines Desiree RC and M08003, but not in the rest of the analyzed
lines (Figure 4). The same pattern, but with stronger differences
between lines was observed after 48 h of air exposure. Lines
Desiree RC and M08003 developed the brown discoloration in a
shorter time and over a larger area of the tuber surface
(Figure 4).
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TABLE 1 | Edited lines per experiment detected by HRFA.

Line Transfection Allelic Variants
Desiree RC - 0
MO07006 25% PEG -4/0
MO07009 25% PEG -4/-1/0
M07014 25% PEG -4/0
M07020 25% PEG -102/-4/-1/0
M07028 25% PEG 0/+46
M07029 25% PEG -6/0
MO07030 25% PEG -5/0
MO07031 25% PEG -111/0/+1
M07032 25% PEG -4/0
MO07036 25% PEG -5/0
MO07046 25% PEG -1/0
MO07051 25% PEG 0/+1
MO07053 25% PEG —6/-4/0/+1
MO07056 25% PEG —-7/-4
MO07057 25% PEG -1/0
M07062 25% PEG -1/0/+1
MO07063 25% PEG -3/0/+1
MO07066 25% PEG 0/+1
M08001 40% PEG -111/-5
M08002 40% PEG -111/-9/+22
M08003 40% PEG -4/0
M08007 40% PEG -9/-5/-3/0
M08008 40% PEG -111/-15/+121/+302
M08009 40% PEG -112/-5/+44
M08012 40% PEG 0/+1
M08013 40% PEG -115/-8/-5/+55
M08014 40% PEG -5/-4/0
M08015 40% PEG -111/0/+98
M08016 40% PEG —-4/0/+45
M08017 40% PEG -14/-8/0
M08018 40% PEG -114/-11/-5/0
M08020 40% PEG —-1/0/+48
M08024 40% PEG -116/-111/-55/+58
M08025 40% PEG -18/-1/0
M08026 40% PEG -4/-2/0
M08027 40% PEG -118/-111
M08028 40% PEG -113/-5/+1

The transfection conditions and the allelic variants found in the analysis of all four alleles of
StPPO2 are indicated per line. The number O indicates the presence of the wild type allele.
Alleles with insertions or deletions are indicated as the number of base pairs with a minus
(-) or a plus (+) sign, respectively.

The enzymatic browning was measured for each line and
related to that of the control Desiree RC (Figure 5A). The
relative enzymatic browning was significantly lower in all the
edited lines in comparison to the control line (Table 2), with the
exception of line M08003. The relative enzymatic browning in
lines M08001 and M08002 ranged between 0.26 and 0.27,
demonstrating a reduction of around 73% related to the
control line (Figure 5A). Lines M07056, M08008 and M08027,
displayed a middle reduction of 68, 67, and 66%, respectively,
compared to the control (Figure 5A).

The PPO activity was measured for each line and made
relative to the control Desiree RC (Figure 5B). Relative PPO
activity was significantly lower in lines M08001 and M08002 in
comparison to the control line Desiree RC (Table 2) with
reductions of 64 and 69%, respectively (Figure 5B). Even
though not significantly statistical differences, a middle
reduction of 39, 28, and 41% in relative PPO activity was

Ll
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FIGURE 3 | Screening for off target mutations on StPPO1 and StPPO4
genes by HRFA. Electropherograms of wild type Desiree and line MO8001 are
shown. The orange peaks correspond to the elution points of the size
standard and the elution of the respective wild type fragment is set to O (A)
Blue peaks correspond to elution of the StPPO7 gene fragments (B) Green
peaks correspond to elution of the StPPO4 gene fragments.

observed for lines M07056, M08008, and M08027, respectively,
when compared to the control (Figure 5B).

In order to determine whether the relative enzymatic
browning was correlated to the relative PPO activity in our
study, the Spearman correlation coefficient (p) was determined
between the two variables. As expected, a significantly positive
correlation was found (p = 0.63, p < 0.005).

DISCUSSION

Enzymatic browning caused by the activity of PPOs leads to
alterations in color and organoleptic properties of fresh and
processed fruits and vegetables, which is perceived as a serious
quality deficiency for industry and consumers (Yoruk and
Marshall, 2003). In our study, the CRISPR/Cas9 system was
applied in potato to induce mutations in the StPPO2 gene,
responsible for most of the PPO activity and enzyme content
in tubers (Chi et al., 2014). We hypothesized that the specific
editing of this target gene would result in a lower PPO activity
in the tuber and the consequent reduction of the
enzymatic browning.
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For the CRISPR/Cas9 system delivery, we utilized
Ribonucleoprotein complexes (RNPs) to transfect potato
protoplasts and further whole plant regeneration (Nicolia et al.,
2015). The genome editing efficiency of 27 and 68% obtained in this
study was higher than previously reported using RNPs in potato (9-
25%, Andersson et al., 2018). The efficiency in genome editing is
largely affected by the target gene as well as the sgRNAs sequence
used to direct the Cas9 nuclease (Kumlehn et al., 2018). On the other
hand, the activity of CRISPR/Cas9 would be influenced by the
transfection efficiency of the reagents into the protoplasts, which
could vary between potato varieties. In addition, the combination of
two sgRNAs on one target gene used in our study, could explain the

increase in the efficiency obtained. Such strategy not only increased
the possibilities of inducing mutations in the target gene, but also led
to the elimination of larger, specific fragments from the coding
sequence as was previously reported in tomato (Brooks et al., 2014),
rice (Zhou et al.,, 2014), barley (Kapusi et al., 2017) and potato
(Tuncel et al., 2019; Veillet et al., 2019).

The HRFA performed in our study has shown lines with
multiple alleles of StPPO2 carrying the same type of mutation.
Although a less frequent pathway than NHE], the DSB repair via
homologous recombination (HR) is a mechanism observed in plant
somatic cells (Puchta, 2005; Shi et al., 2017; Yu et al., 2017). The
availability of a mutated homologue allele as a donor template
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FIGURE 5 | Analysis of Relative Enzymatic Browning (A) and Relative PPO
Activity (B) in tubers of selected edited lines. Each box represents data of
three biological replicates of the edited lines and the control Desiree RC, the
line across the box represents the median. The box represents the 25" and
the 75" percentiles and whiskers represent the maximum and minimum
value. Data are relative to the control line Desiree RC. Statistical differences
with the control line Desiree RC are denoted *(p < 0.05).

during DSB repair could result in a bias towards homozygous
mutations, as observed in the mentioned lines. Nevertheless, our
results are not sufficient to confirm such mechanism and further
experiments would be necessary to confirm this hypothesis.
Foreign DNA integration into the plant genome is a major
concern in genome editing techniques, and is preferably avoided
when applied for commercial breeding purposes (Eckerstorfer
et al., 2019). This is of special importance in a tetraploid and
highly heterozygous crop like potato, since backcrossing
techniques to eliminate inserted foreign DNA would lead to
the loss of allelic combination in an elite variety (Nadakuduti
etal., 2018). In some of the mutated lines identified in our study,
insertions were observed in the target region, which
corresponded to fragments of the DNA template used in the in
vitro transcription of the sgRNAs, or potato genomic fragments.
Although, the latter cannot be consider as a foreign DNA
integration, the first type of insertions could be avoided by
using synthetic sgRNA instead, as previously reported by
Andersson et al. (2018). Nevertheless, the percentage of
insertions detected was very low (9 out of 37 lines) and, in
addition, we obtained a majority of multi-allelic edited lines with
no evident DNA insertions into the target sites. The

TABLE 2 | Effect of each line on Relative Enzymatic Browning and Relative PPO

Activity variables.

Response variable Fixed effect ~ Estimate + SE P

Relative Enzymatic Browning Intercept 1.00 £ 0.15 <0.001
MO7056 -0.60 + 0.22 0.01
MO08001 -0.73 £ 0.15 <0.001
MO08002 -0.73 £ 0.15 <0.001
MO08003 0.19 +0.22 0.40
MO08008 -0.68 £ 0.14 <0.001
M08027 -0.67 £ 0.15 <0.001

Relative PPO Activity Intercept 0.48 + 0.08 <0.001
MO7056 -0.13£0.10 0.2295
MO08001 -0.31 £ 0.09 0.0047
MO08002 -0.25 + 0.11 0.0355
MO08003 0.13+0.19 0.5137
MO08008 -0.16 £ 0.12 0.2057
MO08027 -0.19 + 0.09 0.0615

Parameters estimates and p values were taken from Linear Mixed Models with the Line as
a fixed effect and the biological replicate as a random effect. p < 0.05 indicates significant
differences with the Desiree RC control line.

confirmation of the absence of foreign DNA in such lines
could result in plants considered not different from
conventionally bred varieties, taking into account the actual
criteria for determining the regulatory status of genome edited
products in Argentina and other countries (Whelan and Lema,
2015; Eckerstorfer et al., 2019; Lema, 2019).

Off target activity, i.e. introduction of unintended mutations,
have been reported using the CRISPR/Cas9 system in plants
(Zhang et al., 2018a). Assaying all possible off target mutations
induced by the selected sgRNAs would only be possible
throughout whole genome sequencing of the edited lines (Li
et al,, 2019), a goal that is beyond the objectives of our study.
Nevertheless, we aimed to confirm that our selected edited lines
displayed mutations only in the StPPO2 gene, with no alteration
in the coding sequences of other members of the StPPO gene
family, as paralogs may share a considerably degree of sequence
similarity (Chi et al., 2014). Only two possible off target sites were
found on other StPPO genes for sgRNA564, considering up to
four mismatches. The HRFA of the selected lines indicated no
insertions or deletions in StPPOI and StPPO4 genes. The
presence of multiple mismatches into the seed region (defined
as the 8-12 nt proximal to the PAM) between the selected
sgRNAs and the rest of StPPO genes could explain their
specificity for StPPO2 (Hahn and Nekrasov, 2019). On the
other hand, the use of RNPs as delivery method for the
CRISPR/Cas9 system has been proposed to reduce the
incidence of off targets effects, due to the rapid degradation of
the Cas9 nuclease and the sgRNAs in the cell (Nadakuduti et al.,
2018; Zhang et al., 2018a; Hahn and Nekrasov, 2019).

Earlier studies have reported the use of different RNA
silencing technologies to down-regulate the expression of
StPPO genes in potato tubers (Bachem et al., 1994; Rommens
et al., 2006; Llorente et al., 2011). The approach taken in those
reports was to reduce the expression of several members of the
StPPO gene family, which led to a reduction in the enzyme
content and enzymatic browning reactions. The contribution of
the different members of StPPO genes to the total PPO activity

Frontiers in Plant Science | www.frontiersin.org

14

January 2020 | Volume 10 | Article 1649


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Gonzélez et al.

Non-Browning Potatoes Obtained With CRISPR/Cas9

was latter established in potato tubers using amiRNA technology
(Chi et al., 2014). Despite amiRNAs proved to be efficient in
regulating the expression of StPPO genes individually or in
combination, several off targets effects were observed with lines
displaying a moderate to high reduction of non-targeted StPPO
genes expression (Chi et al., 2014). The reduction in PPO activity
was 15-95%, while the reduction in enzymatic browning was 10—
65%, depending on the combination of StPPO genes down
regulated. The greatest reduction, however, occurred when
StPPOI to 4 were all suppressed. For unknown reasons, the
authors could not obtain lines expressing the amiRNA directed
to StPPO2 gene alone. Nevertheless, correlations studies
indicated that the expression of StPPO2 gene was strongly
correlated with the levels of PPO activity and enzyme content
in tuber. In the present study, we have demonstrated that lines
carrying mutations in all the four alleles of StPPO2 gene
displayed a reduction up to 69% and 73% in the PPO activity
and enzymatic browning, respectively. Our result not only
corroborate the previous report pointing out StPPO2 as the
major contributor to PPO activity in tubers, but also
demonstrate that non-browning potatoes can be obtained by
the sole induction of mutations in that gene, without affecting
other members of the gene family. Our approach could be
advantageous in order to avoid the downside effects of
reducing the expression of other members of the StPPO gene
family, affecting their potential involvement in important cell
functions (Yoruk and Marshall, 2003; Jukanti, 2017).
Furthermore, we have demonstrated that the CRISPR/Cas9
system is a highly efficient tool for inducing mutations in a
specific member of a gene family that shares a high identity of
nucleotide sequence (Thygesen et al., 1995; Chi et al., 2014).

The phenotypes observed in the selected lines, were correlated
with the mutations found in the StPPO2 gene. Thus, the frame
shift mutations (deletions of 4 or 7 bp) in all alleles of the StPPO2
gene, is the most likely cause for the reduced PPO activity and
concurrent reduced enzymatic browning in line M07056. Similar
phenotypic effects were observed in lines M08001, M08002,
M08008, and M08027. In addition to alleles carrying mutations
that produced frame shifts in the coding sequence, alleles with
deletions of 111 bp were introduced in StPPO2 of those lines.
Even though this mutation is not expected to produce a frame
shift, a large deletion introduced in the coding sequence near the
first copper-binding domain, might affect the functionality of the
enzyme, if translated. PPOs from a large number of plant species
share a conserved structure in the N-terminal domain, which is
critical for the function of the enzyme (Garcia-Borrén and
Solano, 2002; Marusek et al., 2006; Tran et al., 2012). Similarly,
line M08002 presented one allele carrying a deletion of 9 bp,
because of a deletion of 4 bp in the target site of sgRNA564 and a
deletion of 5 bp in the target site of sgRNA157. Although no
frame shifts were detected for the rest of the coding sequence, the
frame shift in the region spanning between both target sites may
be related to reduction in the enzyme activity, similar to the effect
produced by the elimination of such fragment.

It is not established if all the alleles of the StPPO2 gene
contribute equally to the protein activity in the tuber. Based on

our sequencing results, line M08003 contained at least one
mutated allele of StPPO2 most likely in combination with
multiple copies of wild type allele. This line displayed a PPO
activity and enzymatic browning levels almost identical to the
control Desiree RC, which indicates that the remaining wild type
alleles were sufficient for a normal enzyme function. Previous
studies in other plant species have shown allelic variations in
PPO genes to be associated with differences in the levels of PPO
activity (Taketa et al., 2010; Beecher et al., 2012). A more detailed
analysis is needed in the case of potato PPO genes.

For phenotypic characterization, we performed two analyses
on selected edited lines, i.e. Relative Enzymatic Browning and
Relative PPO Activity. The two methods produced similar
results, with the selected edited lines displaying a reduction in
both parameters. In addition, both variables presented a
significantly positive correlation between them. Even though a
clear reduction in relative PPO activity for lines M07056,
M08008, and M08027, no statistical differences were observed
relative to the control. This may be due to a higher variance of
the values for these lines. Despite the small disparity in the
statistical analysis between the variables for the mentioned lines,
our results were consistent with all lines displaying a reduced
enzyme activity, which turned to a reduced enzymatic browning
in the tuber. Lines M08001 and M08002 values were statistically
significant with both determinations.

Argentina is one of a few countries to develop legislation to assess
regulatory matters regarding genome edited organisms (Whelan
and Lema, 2015; Eckerstorfer et al.,, 2019; Lema, 2019). In this
report, we have studied the application of the CRISPR/Cas9 system
to produce edited potato plants with a reduced PPO activity and
enzymatic browning in tubers. Our system proved to be specific for
the target gene, without affecting the coding sequence of other
StPPO family members and, consequently, their roles in other cell
functions. Considering the current criteria for the determination of
the regulatory status of genome edited crops in Argentina and other
countries, application of this technology could result in plants that
do not fall under strict GMOs regulation, which might represent a
major advantage in comparison with previous strategies taken for
the improvement of the same trait in potato. We consider that our
study represents an important step towards the development of
potato varieties that maintain the organoleptic, antioxidant and
nutritional properties during harvest and post-harvest procedures,
without the utilization of potentially harmful browning controlling
agents. This advantage results in benefits for the farmer, the potato
processing industry, and finally the consumer.

MATERIALS AND METHODS

SgRNA Design on StPPO2 Gene of

S. tuberosum cv. Desiree

The available sequences of PGSC0003DMG400018916 (Potato
Genome Sequencing Consortium, 2011) and POT32 (GenBank:
U22921.1, Thygesen et al., 1995) were aligned and used for primer
design, in order to amplify the StPPO2 gene in S. tubersoum cv
Desiree (Chi et al., 2014). Primers F_StPPO2 and R_StPPO2
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(Supplementary Table S1) were used to amplify a fragment from
the 5" end of the target gene, using 10 ng of genomic DNA as a
template in a reaction with Phusion High-Fidelity DN'A Polymerase
(Thermo Fisher Scientific, Waltham, MA, USA). Reaction
conditions were 98°C for 1 min, 30 cycles of 98°C 30 s, 60°C 20 s,
72°C 30 s and a final extension of 72°C for 7 min.

PCR products were cloned into the pJET1.2 vector using the
CloneJET PCR Cloning Kit (Thermo Fisher Scientific) and
transformed to One Shot TOP10 Chemically Competent E. coli
(Thermo Fisher Scientific), according to manufacturer
instructions. Twelve randomly picked colonies were selected
for plasmid purification and Sanger sequencing using the
primers provided by the CloneJET PCR Cloning Kit. The
resulting sequences were aligned to avoid allelic variation
during sgRNA design and further High Resolution Fragment
Analysis (HRFA) primer design (Supplementary Figure S1).

The Cas-Designer Tool was used for sgRNA design, using one of
the sequences obtained for StPPO2 as a query and S. tuberosum
(PGSCv4.03) as a target genome (Park et al., 2015). sgRNA157 and
sgRNA564 (Figure 1A) were selected according to the Out of Frame
Score (Bae et al.,, 2014) and the strict absence of allelic variation
along the target sequence (Supplementary Figure S1).

Off Target Sites Prediction on

StPPO Genes

Cas-OFFinder Tool was used for possible off targets site
identification on other members of the StPPO gene family within
the genome database of S. tuberosum (PGSC v4.03). Searching for
sequences with up to 4 mismatches (Hahn and Nekrasov, 2019)
with the selected sgRNAs and a 5'-NRG-3'(R = A or G) as PAM
sequence, putative off targets were found in the genome at positions
45631511 and 45870133 of the chromosome 8 of potato for
sgRNA564. Using the genome browser available on Sol Genomics
Network’ genes PGSC0003DMG400029575 (StPPOI1) and
PGSC0003DMG400018917 (StPPO4) were identified as the only
two putative off targets on StPPO genes with expression data (Potato
Genome Sequencing Consortium, 2011; Chi et al., 2014).

The available sequences of both genes were used for primer
design (Supplementary Table S1) in order to sequence the
putative off targets sites in S. tuberosum cv Desiree and
confirm the in silico analysis. Amplification, cloning and
sequencing was performed as previously explained for the
target gene. The resulting sequences were aligned
(Supplementary Figures S2 and S3) and used for HRFA
primer design (Supplementary Table S1) for off target
analysis. The amplified region for HRFA on each gene
included both, the predicted off target sites for sgRNAS564
(Figure 1B) and the region that aligns with sgRNA157
(Figure 1C).

Ribonucleoprotein Complexes Assembly
The sgRNAs were in vitro transcribed (Andersson et al., 2018)
using the GeneArt Precision gRNA Synthesis Kit (Thermo Fisher

' www.rgenome.net/cas-designer
2

www.rgenome.net/cas-offinder
*www.solgenomics.net

Scientific), according to the manufacturer instructions, with
minor modifications. The DNA templates for in vitro
transcription of sgRNA157 and sgRNA564, were obtained
using Fw_IVT157/Rv_IVT157 primers and Fw_IVT564/
Rv_IVT564 primers, respectively (Supplementary Table S1).
After assembly, both DNA templates were purified using the
GeneJET PCR Purification Kit (Thermo Fisher Scientific) and
quantified using a Trinean DropSense 16 (Techtum, Nacka,
Sweden). Thirty ng of DNA were used in each case for in vitro
transcription for 3 h. After transcription, sgRNAs were treated
with 1 unit of DNAse I for 15 min following the instructions of
GeneArt Precision gRNA Synthesis Kit, afterwards purified, and
quantified using the Trinean DropSense 16.

Right before transfections into potato protoplasts, 5 pg of
each sgRNA was mixed with 0.03 nmol of GeneArt Platinum
Cas9 Nuclease (Thermo Fisher Scientific) in a final volume of
5 pl and incubated for 15 min at room temperature.

Protoplasts Transfection and

Plant Regeneration

Protoplasts were isolated from 5-week old plantlets according to
Nicolia et al. (2015). For transfections, 100,000 protoplasts were
incubated with RNPs and 25% Polyethylenglycol (PEG) 4000
(Duchefa Biochemie, Haarlem, The Netherlands) for 3 min, or
with RNPs and 40% PEG4000 for 30 min. A regeneration control
was included, which consisted of the same number of protoplasts
incubated with 40% PEG but no RNPs, for 30 min. After
transfections, all protoplasts were embedded in sodium
alginate and cultured for calli regeneration, according to
Nicolia et al. (2015).

Green calli were released from alginate blobs after 21 days of
culture, and subcultured for shoot growth induction. To ensure
the analysis of independent lines, one shoot was picked per callus
and transferred for root development. Samples from leaves of the
full regenerated plantlets were picked for genomic DNA
extraction and further analysis.

Identification of Edited Lines and
Sequencing Analysis

Genomic DNA of regenerated plants was extracted from leaves
in a 96-Deep well plate. The sampled tissue was homogenized
with 500 ul of 100 mM Tris HCI, 50 mM EDTA and 1% SDS, pH
9.0 and 5mm steel beads, using a Retsch Mixer Mill MM400 for
30 s at 30 Hz (Retsch, Haan, Germany). After centrifugation of
the tissue debris, DNA was extracted from 200 pl of the cleared
lysate, in a QIAcube HT extraction robot using a QIAamp 96
DNA QIAcube HT Kit (QIAGEN, Hilden, Germany) according
to the manufacturer instructions.

The presence of mutations in the target gene was determined
by High Resolution Fragment Analysis (HRFA), according to
Andersson et al. (2017). Primers PPO2_2Bf-HEX and PPO2_2Br
(Supplementary Table S1) were designed for amplification of
the region spanning both sgRNAs target sites on the StPPO2
gene, taking into account the absence of allelic variation in
primers annealing sites in the target gene (Supplementary
Figure S1). Primers were used to amplify a fragment of 228 bp
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of the target gene, using Phusion High-Fidelity DNA Polymerase
(Thermo Fisher Scientific). Reaction conditions were 98°C for
1 min, 30 cycles of 98°C 30 s, 60°C 20 s, 72°C 15 s, and a final
extension of 72°C for 7 min.

Labelled PCR products were analyzed in an Applied
Biosystems 3500 Genetic Analyzer (Thermo Fisher Scientific),
according to the instructions of manufacturer, using GeneScan
600 LIZ Dye Size Standard (Thermo Fisher Scientific) as internal
lane size standard. Fragments length were determined with
GeneMarker Software (SoftGenetics, State College, PA, USA)
and insertions or deletions were identified comparing each line
electropherogram versus the control.

StPPO2 gene was sequenced by Sanger in selected edited lines
to confirm the HRFA results. Primers PPO2_2Bf and PPO2_2Br
(Supplementary Table S1) were used for PCR amplification of
the fragment with the same conditions mentioned above, and the
products cloned using the CloneJET PCR Cloning Kit (Thermo
Fisher Scientific), as previously. Twelve randomly picked clones
were sequenced per line for mutations characterization.

Off Target Analysis

The presence of putative off target mutations in StPPO1 and StPPO4
genes was determined by HRFA as described above. Primers
PPO1_OT564_F-6-FAM and PPO1_OT564_R (Supplementary
Table S1) were used for the analysis of the StPPOI gene
(Supplementary Figure S2). PPO4_OT564_F-HEX and
PPO4_0OT564_R primers (Supplementary Table S1) were used
for the analysis of the StPPO4 gene (Supplementary Figure S3).

Plant Growth Conditions and Tubers
Harvesting

Selected in vitro-regenerated plantlets were transferred to 1 L pots
with substrate and placed in a growth chamber, at a constant
temperature of 24°C in a photoperiod of 16 h (120 umol m > s™")
light-8 h dark. Three biological replicates were grown for each
edited line and the control line Desiree RC. Tubers were harvested
after 120 days of culture, right before plants senescence.

Enzymatic Browning and PPO Activity
Determinations

Enzymatic Browning and PPO activity were measured according
to Chi et al. (2014), with minor modifications. Tubers were
randomly selected per each edited line and the control Desiree
RC and triple biological replicates were used for
the determinations.

For enzymatic browningassay, slices were manually cut from the
center of the tubers and immediately frozen in liquid nitrogen. The
frozen samples were processed with 5 ml of cold PPO extraction
buffer (100 mM sodium phosphate buffer pH 6.0, 2% TX-100, 2%
PVPP) using an Ultra-Turrax T-25 (IKA, Konigswinter, Germany)
at 11,000 rpm for 30 s. Homogenates were allowed to oxidize for 1 h
at room temperature, and afterwards aliquots were transferred to
1.5 ml centrifuge tubes and centrifuged for 10 min at 11,000 rpm.
The absorbance at 475 nm (A475nm) was measured in 300 pl of the
supernatant in a 96 wells plate, using an Epoch Microplate
Spectrophotometer (Bioteck, Winooski, VT, USA), with three

technical replicates. The total protein concentration of the
homogenates were determined using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific) in the same
spectrophotometer and the Enzymatic Browning calculated as the
A475nm/mg of total protein. Finally, the Relative Enzymatic
Browning was calculated as the value of each line related to the
control Desiree RC.

For PPO activity assay, the frozen samples were processed
with 5 ml of cold PPO extraction buffer as above, and the
homogenates were transferred to 2 ml centrifuge tubes and
centrifuged at 11,000 rpm, 4°C during 30 min. The
supernatants were transferred to new tubes and kept in ice
until PPO activity measurements. PPO activity was measured
adding 100 pl of sample into a quartz cuvette and 900 pl of PPO
assay buffer (50 mM sodium phosphate buffer pH 6.0, 0.1% SDS
and 15 mM 4-Methylcatechol). A SmartSpec3000
Spectrophotometer (Bio-Rad, Hercules, CA, USA) was used to
measure the absorbance increase at 400 nm (A400nm) every 5 s
for 1 min at 25°C. Three technical replicates were performed for
the determinations and one unit (1U) of PPO enzymatic activity
was defined as the amount of enzyme necessary to change
A400nm in 0.001/min at 25°C. The total protein concentration
of each sample was determined using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific) as before, and enzymatic
activity was calculated as U/mg of total protein. Finally, Relative
PPO Activity was calculated as the value of each line related to
the control Desiree RC.

Statistical Analysis
Linear Mixed Models were used to test the effect of the different
lines in the Relative PPO Activity and Relative Enzymatic
Browning variables (Linear Mixed-Effects Models: Basic
Concepts and Examples, 2000). We considered each line as a
fixed-eftect. In order to take in consideration possible variation in
the individual plants, we considered the identity of each
biological replicate as a random effect. All possible models
were evaluated and we compared competitive ones using
Akaike Information Criterion (AIC). All the analysis were
performed in R’ using nlme package.

Spearman's correlation analysis was performed in R, using the
measured data of the variables “Relative Enzymatic Browning”
and “Relative PPO Activity.”
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The CRISPR/Cas9 system is a powerful tool for targeted gene editing in many organisms
including plants. However, most of the reported uses of CRISPR/Cas9 in plants have
focused on modifying one or a few genes, and thus the overall specfficity, types of
mutations, and heritability of gene alterations remain unclear. Here, we describe the
molecular characterization of 361 TO transgenic tomato plants that were generated using
CRISPR/Cas9 to induce mutations in 63 immunity-associated genes. Among the TO
transformed plants, 245 carried mutations (68%), with 20% of those plants being
homozygous for the mutation, 30% being heterozygous, 32% having two different
mutations (biallelic), and 18% having multiple mutations (chimeric). The mutations were
predominantly short insertions or deletions, with 87% of the affected sequences being
smaller than 10 bp. The majority of 1 bp insertions were A (50%) or T (29%). The mutations
from the TO generation were stably transmitted to later generations, although new
mutations were detected in some T1 plants. No mutations were detected in 18
potential off-target sites among 144 plants. Our study provides a broad and detailed
view into the effectiveness of CRISPR/Cas9 for genome editing in an economically
important plant species.

Keywords: CRISPR/Cas9, genome editing, immunity-associated genes, tomato, Off-target mutation

INTRODUCTION

Derived from a native adaptive immune system in eubacteria and archaea, the CRISPR/Cas system
enables the alteration of DNA sequences in many organisms to achieve precise gene modifications
(Jaganathan et al., 2018). The most widely used Streptococcus pyogenes Cas9 (SpCas9) requires the 20-
bp spacer sequence of a guide RNA (gRNA) to recognize a complementary target DNA site upstream
of a protospacer adjacent motif (PAM) and generates a double-stranded break (DSB) near the target
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region (Xie and Yang, 2013). DSBs are repaired through either
non-homologous end joining (NHE]) or homology-directed
recombination (HDR) resulting in small insertions/deletions
(indels) or substitutions at the target region, respectively (Jinek
etal.,, 2012). Compared to other genome editing tools such as zinc
finger nucleases (ZFNs; Kim et al., 1996) and transcription
activator-like effector nucleases (TALENSs; Bogdanove and
Voytas, 2011), CRISPR/Cas is more robust in that the Cas
protein can theoretically bind to any genomic region preceding
a PAM site and, importantly, target multiple sites simultaneously.
However, the possibility of off-target mutations caused by
CRISPR/Cas is a potential concern in both basic and applied
research in plants, although it has been reported that off-target
effects of CRISPR/Cas occur at a much lower frequency in plants
than in mammals (Fu et al., 2013; Kuscu et al., 2014). The most
effective way to minimize off-target mutations is to select a gRNA
target with little or no homology to other genomic regions (Baltes
and Voytas, 2015). Other methods to reduce off-target mutations
include using paired Cas9 nickases (Ran et al., 2013) or paired
fusions of a catalytically dead Cas9 nuclease to the FokI cleavage
domain (Guilinger et al., 2014; Tsai et al., 2014).

As one of the most important vegetable crops in the world
(Kimura and Sinha, 2008), tomato (Solanum lycopersicum) is an
important source of health-promoting nutrients including
vitamin C and E, minerals, and carotenes such as §3-carotene
and lycopene (Canene-Adams et al., 2005). However, tomato
production is threatened by many infectious diseases, including
bacterial speck disease caused by Pseudomonas syringae pv.
tomato (Pst), which can result in severe economic losses due to
reduced yield and quality (Xin and He, 2013). A large number of
candidate immunity-associated genes have been identified in
tomato, but validation of the functional importance of these
genes had been technically challenging before the emergence of
CRISPR/Cas technology (Pedley and Martin, 2003; Oh and
Martin, 2011; Rosli et al.,, 2013; Pombo et al., 2014). Although
CRISPR/Cas has been used to modify genes with key roles in
growth, development, and biotic and abiotic stresses in plants
(Tto et al.,, 2015; Jacobs et al.,, 2017; Nekrasov et al.,, 2017;
Rodriguez-Leal et al, 2017; Shimatani et al, 2017; Yu et al,
2017; D’Ambrosio et al., 2018; Hashimoto et al., 2018; Li et al,,
2018a; Li et al., 2018b; Tashkandi et al., 2018; Zsogon et al., 2018;
Ortigosa et al., 2019; Wang et al., 2019; Xu et al., 2019), all of the
reported studies have focused on one or a few genes and could
not provide broad insights into the specificity, types of mutations
and heritability of genome editing by CRISPR/Cas9 in tomato.

Recently, we developed the Plant Genome Editing Database
(PGED; http://plantcrispr.org/cgi-bin/crispr/index.cgi) which
provides information about a collection of tomato lines with
CRISPR/Cas9-induced mutations in immunity-associated genes
(Zheng et al,, 2019). In the present study, we molecularly
characterized 361 TO transgenic tomato plants that were
generated using CRISPR/Cas9 to induce mutations in 63
candidate immunity-associated genes. To enhance the mutation
efficiency and reduce the number of transformations needed, we
evaluated gRNA efficiency by transient expression in tomato
leaves and conducted tomato transformation with

Agrobacterium pools containing 2-4 Cas9/gRNA constructs.
This initial evaluation of gRNAs allowed us to select the most
efficient ones for tomato stable transformation while using
“agrobacterium pools” with various Cas9/gRNAs constructs
shortened the time for generating multiple tomato mutant lines.
We established an efficient CRISPR/Cas9 system to generate a
large number of primary transgenic lines and we report for the
first time a systematic investigation of the specificity of targeting,
the types of mutations generated and the heritability of the
mutations through multiple generations of tomato. Our
CRISPR/Cas9-induced tomato mutant plants provide a
powerful resource for better understanding the molecular
mechanisms of plant-microbe interactions in the future.

MATERIALS AND METHODS

Guide RNA (gRNA) Design and Construct
Development

All 20-nt gRNAs specific for the target genes were designed using
the software Geneious R11 as described previously (Jacobs et al.,
2017). The tomato (Solanum lycopersicum) reference genome
sequence (SL2.5 or SL3.0) was used as an off-target database to
score each gRNA (GNjg or gNyq; “g” represents a manually added
“G” to accommodate the transcription initiation requirement of
the U6 promoter if the first nucleotide is not a G at target sites)
preceding a PAM (NGG) sequence. For each gene, 2-3 gRNA
targets with minimum off-target scores were designed. Single or
multiple gRNA cassettes were cloned into a binary vector p201N:
Cas9 by Gibson assembly as described previously (Jacobs and
Martin, 2016). Colonies containing correct gRNA sequences were
confirmed by PCR and Sanger sequencing.

Evaluation of gRNA Efficiency by
Agroinfiltration in Tomato and Nicotiana
benthamiana Leaves

Each Cas9/gRNA vector was transformed into the
Agrobacterium tumefaciens strain 1D1249 (Wroblewski et al.,
2005) by electroporation. For agroinfiltration into tomato leaves,
the bacterial cells containing different gRNA plasmids were
grown in liquid YEP medium with 150 mg/L kanamycin
overnight at 30°C. The bacterial pellet was collected and
resuspended in an induction buffer containing 10 mM MgCl,,
10 mM MES (pH 5.7), and 200 uM acetosyringone (Sigma-
Aldrich). Bacterial suspensions were adjusted to ODggo = 0.3 and
incubated at room temperature for 2-5 h. The third and fourth
leaves of 4-week-old tomato plants were infiltrated with needle-
less syringes and the whole plant was then placed in a growth
chamber with a temperature of 22°C-24°C, 16 h light/8 h dark
photoperiod and 65% relative humidity. Three days later, a pool
of six leaf discs were collected from three individual plants (two
leaf discs from each of three plants) that had been infiltrated with
the tested Cas9/gRNA vector, and used for genomic DNA
extraction, PCR and sequencing. The web-based tool TIDE
(https://tide.deskgen.com) was used to determine the mutation
frequency induced by corresponding Cas9/gRNA vectors.
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Tomato Transformation

Tomato transformation was performed either at the plant
transformation facility at the Boyce Thompson Institute (BTT)
or North Carolina State University (NCSU) (Gupta and Van Eck,
2016; Van Eck et al., 2019). Modifications of the transformation
methods were made for Rio Grande (RG), including using 100
mg/L kanamycin for selection, and adding 0.1 mg/L indole-3-
acetic acid (IAA) to the plant regeneration media (2Z, 1Z) and 1
mg/L TAA to the rooting medium. Each Cas9/gRNA vector was
first electrotransformed into Agrobacterium tumefaciens
LBA4404 (BTI), AGL1 (BTI), or GV3101(pMP90) (NCSU). In
most cases, 2-4 Agrobacterium culture preparations (of the same
Agrobacterium strain), each carrying a different Cas9/gRNA
construct, were pooled together and used for transformation to
minimize the number of experiments. Tomato genotypes RG-
PtoR or RG-prf3 were used for transformation if not specifically
labeled (Table 1).

Genotyping and Mutation Analysis

Genomic DNA was extracted from tomato cotyledons or young
leaves using a modified CTAB method (Murray and Thompson,
1980). The existence of T-DNA was confirmed by PCR using
primers listed in Table $6. To determine the mutation specificity,
genomic regions flanking the target site of each gene were
amplified with specific primers (see PGED; http://plantcrispr.
org/) and sequenced by Sanger sequencing. TIDE was used to
rapidly evaluate the mutated allelic sequences using the
sequencing files (.abl format), especially for PCR amplicons of
biallelic, heterozygous, or chimeric mutants whose mutation
length and frequency cannot be determined due to
superimposed sequencing chromatograms.

Off-Target Evaluation

To evaluate potential off-target mutations caused by gRNAs in
CRISPR-induced mutant plants, twelve gRNAs were selected and
used as queries to search for potential off-target sites across the
tomato genome with up to 4-nt mismatches and 1-nt indel by the
software Geneious R11 or with up to 3-nt mismatches by a web tool
Cas-OFFinder. Each off-target site was given a score based on how
similar it was to the spacer sequence of gRNAs. A higher score for an
off-target site indicated a higher similarity to the original target site
and a higher likelihood to cause off-target mutations. A shortlist of
potential off-target sites of each gRNA queried was generated by
selecting their relatively high-scoring off-target sites predicted by
either Geneious R11 or Cas-OFFinder (Table 3). Similar to mutation
genotyping described above, genomic regions flanking the putative
off-target sites were amplified with specific primers (Table §7) and
PCR amplicons were sequenced to detect if off-target mutations were
induced in those regions.

RESULTS

CRISPR/Cas9 Targeting of Immunity-
Associated Genes in Tomato

To study the efficiency and specificity of genome editing in
tomato by CRISPR/Cas9 and to better understand plant-

pathogen interactions, we generated a collection of tomato
lines with targeted CRISPR/Cas9-induced mutations in genes
that have been implicated in the immune response. Candidate
genes were selected based on previous studies involving RNA-
Seq, biochemical approaches, virus-induced gene silencing
(VIGS), or yeast two-hybrid (Y2H) screens (Zeng et al., 2012;
Rosli et al., 2013; Pombo et al., 2014; Giska and Martin, 2019);
orthologs of immunity-associated genes reported in other plant
species such as Arabidopsis and rice were also included (Shimizu
et al,, 2010; Hutin et al,, 2015; Xin et al., 2016; Yamada et al,,
2016; Stegmann et al., 2017).

For each candidate gene, at least two gRNAs targeting
different DNA sites were designed and separately cloned into a
Cas9-expressing binary vector p201N:Cas9 (Jacobs and Martin,
2016). The gRNAs were designed to be highly specific at target
sites and their predicted oft-target sites contained at least one
nucleotide mismatch in the seed sequence (the last 12
nucleotides preceding the PAM) or two nucleotide mismatches
against the full 20-bp protospacer (although some gRNAs were
designed to intentionally modify multiple homologs
simultaneously). Most Cas9/gRNA constructs in this study had
only one gRNA expression cassette per plasmid, except one
construct that contained three gRNA cassettes targeting three
Aquaporin transporter genes (Table 1).

Evaluation of gRNA Effectiveness by
Agroinfiltration in Tomato and Nicotiana
benthamiana Leaves

To initially evaluate the effectiveness of gRNAs and subsequently
enhance the mutation rate in stably transformed tomato plants,
195 gRNAs were tested for their ability to cause mutations using
Agrobacterium infiltration (agroinfiltration) in tomato leaves
(Figure 1A; Table S1). After agroinfiltration, DNA was
isolated from the leaf tissue and the genomic region spanning
each target site was PCR amplified, sequenced, and analyzed with
a web-based tool called Tracking of Indels by Decomposition
(TIDE; https://tide.deskgen.com; Brinkman et al., 2014) to
calculate the mutation frequency. gRNAs with mutation
frequency >0 (p < 0.0001) were considered to be effective in
inducing mutations in this assay while those with mutation
rate = 0 were considered ineffective. A total of 61.5% of the
tested gRNAs were effective in inducing transient mutations in
tomato leaves (Figure 1B). Among these, 96% had a mutation
rate greater than 0% but less than 10% in this assay, while only
five gRNAs (4%) had a mutation frequency over 10%
(Figure 1C).

Agroinfiltration of tomato leaves is not very efficient and to
test whether this affected our estimate of gRNA mutation
efficacy, we evaluated the mutation efficiency of two of the
gRNAs (Bti9ab-1 and Drm3-1) which each have identical
target sites in both tomato and Nicotiana benthamiana (Figure
S1). The mutation frequency induced by these two gRNAs in
tomato was much lower than in N. benthamiana (Figure S1A).
In addition to these two gRNAs, we also tested another four
gRNAs that each target two of the four homologs of the Mail
gene in N. benthamiana (Roberts et al., 2019; Figure S1B). In N.
benthamiana, the majority of the gRNA targets showed a
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TABLE 1 | Mutation rates and mutation types in TO transgenic plants. See also Table S3.

Target genes Solyc # # of transgenic plants # of edited plants Mutation rate (%)® Mutation types®
ADE Solyc05g005700 10 5 50 3 homo; 1 hetero; 1 chimeric
AOX Solyc08g075550 9 8 89 2 homo; 2 biallelic; 3 hetero; 2 chimeric
APE Solyc11g018800 1 1 100 1 biallelic
Aquaporin 1/2/3° Solyc11g069430 (Aquaporin 12 10 83 5 homo; 2 biallelic; 10 hetero; 2
1) chimeric
Solyc06g074820 (Aquaporin
2)
Solyc08g066840 (Aquaporin
3)
BHLH Solyc03g114230 3 3 100 3 biallelic
BSK830 Solyc12g099830 8 6 75 2 biallelic; 3 hetero; 1 chimeric
BSK830 (Hawaii Solyc12g099830 6 5 83 3 biallelic; 1 hetero; 1 chimeric
7981)4
Bti9-interactor Solyc09g008010 1 1 100 1 homo
Bti9ab Solyc07g049180 4 3 75 2 homo; 1 biallelic
CathepsinB1 Solyc02g076980 29 20 69 8 homo; 8 biallelic; 2 hetero; 2 chimeric
CathepsinB2 Solyc02g077040 11 8 73 2 homo; 3 biallelic; 3 hetero
CORE Solyc03g096190 7 6 86 1 homo; 4 biallelic; 1 hetero
Drm-3 Solyc01g099840 3 3 100 2 biallelic; 1 hetero
EDS1 Solyc06g071280 2 2 100 1 homo; 1 chimeric
ERF5 Solyc03g093560 7 5 71 2 biallelic; 1 hetero; 2 chimeric
Fen Solyc05g013290 18 13 72 5 biallelic; 7 hetero; 1 chimeric
Fen (RG-pto11)® Solyc05g013290 15 9 60 2 homo; 4 biallelic; 5 chimeric
Fls2.1 Solyc02g070890 4 4 100 3 homo; 1 hetero
FIs3 Solyc04g009640 11 7 64 5 homo; 2 hetero
LRRXII-1 Solyc06g076910 5 1 20 1 biallelic
LRRXII-2 Solyc04g012100 4 3 75 1 biallelic; 2 hetero
Mai1 Solyc04g082260 4 1 25 1 hetero
Mai5 Solyc10g085990 11 8 73 2 homo; 5 hetero; 1 chimeric
MAP3Ka Solyc11g006000 6 6 100 4 biallelic; 2 hetero
Min7 Solyc12g017830 5 4 80 1 biallelic; 1 hetero; 2 chimeric
MKK1 Solyc12g009020 2 2 100 1 biallelic; 1 chimeric
MKK2 Solyc03g123800 6 5 83 1 homo; 4 biallelic
MKK4 Solyc03g097920 2 1 50 1 hetero
MKKK15 Solyc02g065110 8 6 75 4 hetero; 2 chimeric
MKKK66 Solyc08g081210 3 1 33 1 hetero
MLO16 Solyc11g069220 4 4 100 1 biallelic; 2 hetero; 1 chimeric
NOD Solyc11g008200 8 7 88 1 homo; 4 hetero; 2 chimeric
NPR1 Solyc07g040690 5 1 20 1 hetero
NRC1/2/3f Solyc01g090430 (NRC1) 8 5 63 1 homo; 3 biallelic; 1 hetero
Solyc10g047320 (NRC2)
Solyc05g009630 (NRC3)
PAD4 Solyc02g032850 7 1 14 1 biallelic
PBCP Solyc03g116690 3 2 67 1 homo; 1 biallelic
PBL-T1 Solyc09g007170 5 3 60 1 biallelic; 2 chimeric
PBL-T2 Solyc01g067400 2 2 100 2 hetero
Peptide Transporter 3 Solyc05g009500 4 3 75 1 biallelic; 1 hetero; 1 chimeric
Permease Transporter ~ Solyc03g005820 4 2 50 1 homo; 1 biallelic
PGA1* Solyc05g005560 5 2 40 2 hetero
Solyc05g005570
Pic1 Solyc07g066260 5 4 80 1 biallelic; 2 hetero; 1 chimeric
PR1b Solyc00g174340 6 4 67 3 biallelic; 1 chimeric
Propep1 Solyc04g072310 2 2 100 2 chimeric
RALF1 Solyc01g067900 3 3 100 1 homo; 2 biallelic
RALF2 Solyc01g099520 10 7 70 1 homo; 3 hetero; 3 chimeric
RbohB Solyc03g117980 8 3 38 1 homo; 2 biallelic
SAG101-1/2f Solyc02g069400 (SAG101-1) 3 2 67 1 homo; 1 biallelic
Solyc02g067660 (SAG101-2)
SIMIo1/9f Solyc04g049090 (SIMio1) 10 9 90 1 homo; 2 biallelic; 3 hetero; 6 chimeric
Solyc06g010030 (SIMIo9)
SOBIR/SOBIR-like Solyc06g071810 (SOBIR) 16 9 56 2 homo; 1 biallelic; 4 hetero; 3 chimeric
Solyc03g111800 (SOBIR-like)
Solute Transporter 2 Solyc05g005950 4 2 50 1 biallelic; 1 hetero

(Continued)
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TABLE 1 | Continued

Target genes Solyc # # of transgenic plants # of edited plants Mutation rate (%) Mutation types"

STP13 Solyc09g075820 2 1 50 1 homo

TFTH Solyc11g010470 3 3 100 1 biallelic; 2 hetero

TFT10 Solyc04g076060 4 2 50 2 chimeric

TFT7 Solyc04g074230 2 2 100 2 hetero

Wak1 Solyc09g014720 5 5 100 2 homo; 2 biallelic; 1 chimeric
WRKY11 Solyc08g006320 2 2 100 2 chimeric

WRKY9b Solyc08g067360 4 1 25 1 biallelic

“Mutation rate (%) = number of plants with mutations/number of total transgenic plants. Mutations were analyzed by Geneious R11 and TIDE. PHomo, homozygous mutation; hetero,
heterozygous mutation. “Three gRNA cassettes were cloned into one p201N:Cas9 plasmid. “Tomato genotype Hawaii 7981 was used for transformation. ®Tomato genotype RG-pto11
was used for transformation. 'Specific 9RNA for each gene was independently cloned into the p201:Cas9 vector and the two or three gRNA/Cas9 constructs were pooled together for

tomato transformation.

mutation frequency of 10%-40%, while a small number had a
mutation frequency less than 5% (Figure S1B, C). These
observations suggest that inefficiency of agroinfiltration in
tomato leaves probably leads to an underestimate of the true
efficacy of gRNAs for generating mutations. This is supported by
later observations in which some low-efficient gRNAs were very
effective in inducing mutations in stably-transformed tomato
plants (Table S2). Factors that contribute to this lower activity of
gRNAs by agroinfiltration of tomato leaves are unknown but
might include possible specific immune responses of tomato
against Agrobacterium or less efficient infiltration due to leaf
morphology differences with N. benthamiana.

In most cases, we selected the most efficient gRNAs for
subsequent stable transformation in tomato, however, some
low-efficiency gRNAs were also used if limited gRNAs could be
designed for a particular target gene. Most gRNAs that were
effective in inducing mutations in the agroinfiltration transient
assay also induced mutations in stable transgenic seedlings, with
one exception where a gRNA that had a 4.4% mutation frequency
in the transient assay did not edit target genes in two stably-
transformed plants (Table S2). It was not possible, however, to
directly compare gRNA efficiency in the transient assay with that
in stable transformation, as other factors such as the bias of gRNA
transformation into plants using “Agrobacterium pools” and the
total number of regenerated transgenic seedlings varied from
gene to gene in stable transformation.

CRISPR/Cas9-Induced Mutations in TO
Transgenic Plants

A total of 361 putative primary (T0) transgenic tomato plants
were regenerated by Agrobacterium tumefaciens-mediated stable
transformation. To confirm the mutated sequence(s) in each
plant, genomic regions spanning the target sites were PCR
amplified and sequenced. All five possible genotypes, that is,
wild-type, homozygous for the mutation, biallelic (a different
mutation in each allele), heterozygous for the mutation, or
multiple mutations (chimeric), were detected in our stably
transformed tomato plants (Table 1). Direct sequencing of
PCR amplicons containing biallelic, heterozygous, or chimeric
mutations resulted in superimposed sequencing chromatograms,
which made it difficult to determine specific mutation types and
mutation frequency in those plants. To resolve this problem,
TIDE was used to rapidly determine the mutated allelic

sequences using the sequencing file (.abl format) with
superimposed chromatograms (Brinkman et al., 2014), thus
avoiding tedious and expensive cloning and multi-clone
sequencing for mutation analysis.

Of the 361 TO plants, 245 were found to have modifications at
the target site(s) within 63 genes (Table 1; Table S3). Most of the
lines had only one CRISPR-induced mutation in one gene per
plant, while a few had mutations in two or even three genes (the
latter cases occurred when using Agrobacterium pooling — see
below). We identified only one mutant event for some of the
targeted genes while for others up to 20 independent mutant
events were generated (Table 1). Overall, the average editing
efficiency (the number of edited plants/the number of transgenic
plants) by CRISPR/Cas9 in tomato in our experiments was 68%
(Figure 2A), although the mutation rate varied over a wide range
from 14% to 100% from target gene to target gene in different
mutant lines (Table 1). All four mutation types (homozygous,
biallelic, heterozygous, or chimeric) were observed in several
mutant lines that had sufficient independent mutant events,
while there was a bias of mutation types in some mutant lines,
probably due to the limited number of transgenic events
generated (Table 1).

We analyzed the distribution of the four mutation types in all
the 245 TO plants at the 267 mutated target sites (some plants had
more than one target site) and found that the percentage of
homozygous, biallelic, heterozygous, or chimeric mutation was
20%, 32%, 30%, and 18%, respectively (Figure 2B). In particular,
plants having homozygous or biallelic mutations accounted for
52% of the total. These mutants and their progenies can be used
directly for phenotype screening because no wild-type alleles are
present, thus speeding the research process by saving time for
further genotyping in the next generation. The most common
mutation alterations induced by CRISPR/Cas9 were deletions or
insertions, with 87% of these modifications at the target sites being
less than 10 bp (Figure 2C). The proportion of deletion mutations
was 77%, and the deletion length spanned a wide range from 1 bp
to over 400 bp. Of all the mutations, the most abundant
modification was 1-bp deletion or insertion (Figure 2C). For
these, A- and T-insertions accounted for 79.5%, while G-
insertions accounted for only 4.5% (Figure 2D). Base
substitutions in combination with indels were also detected, but
at a much lower frequency. Only three independent mutant events
(two were the same mutation type) harbored a nucleotide
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FIGURE 1 | Evaluation of gRNA-mediated mutation efficiency by agroinfiltration in tomato leaves. See also Figure S1 and Table S1. (A) Schematic showing the
workflow of guide RNA (gRNA) evaluation by agroinfiltration. (B) Summary of gRNA efficiency tested by agroinfiltration. (C) The distribution of mutation efficiencies of
the 195 gRNAs. Inset on the top right shows the number of gRNAs in each mutation efficiency range. TIDE (https://tide.deskgen.com) was used to calculate mutation
efficiency by identifying the predominant types of insertions and deletions (indels) in the DNA of a targeted cell pool.

substitution in one copy of the target genes at the positions 5-bp  three single mutants, four double mutants, and three triple mutants
preceding the PAM, along with a short insertion or deletion at the  (having mutations in all three genes). Interestingly, all the three
target site (Figure S2). single mutants knocked out AquaT1l, while three double mutants

Multiplex editing of three Aquaporin transporter (AquaT) genes ~ modified AquaTl and AquaT2 and one edited AquaTl and
by using one Cas9/gRNA construct was also tested. Three = AquaT3 simultaneously. Three plants had mutations in all the
individual promoter-gRNA expression cassettes (in the order  three AquaT genes together (Figure S3B). These data suggested the
Aqual-Aqua2-Aqua3) were assembled into the p201N:Cas9  position of the gRNA cassette in the vector may affect its mutation
vector (Figure S3A) as previously reported (Jacobs et al, 2017).  rate, considering that all gRNAs were efficient enough to induce
Ten of the 12 regenerated transgenic plants were edited, including ~ mutations once transformed into plants.

Frontiers in Plant Science | www.frontiersin.org 25 February 2020 | Volume 11 | Article 10



https://tide.deskgen.com
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zhang et al. Specificity and Patterns of Genome Editing in Tomato

A # of total TO transgenic # of TO plants with
plants mutations
361 245 68%

Overall mutation efficiency

B Mutation types # of mutated genes
(TO plants)?
Homozygous 53 mHomozygous
Biallelic 84 BBiallelic
Heterozygous 81 BHeterozygous
Chimeric 49 oChimeric
Total # 267
c 100
90 Mutation Number of 87
c % 82
length (bp) | mutations
g 801 <10 368 86.8
j
g 704 >10° 56 13.2
B 60
©
=4 4
g 50
—
S 40 |
2
£ 304
Z
20 A
10 A
0 .
[ O S S S W W S S S W W Y S S Y YU VAN WA YR SR VN W S SR U S R R SR GRS U o
A R O M Tk 2 -t ]
Deletion or insertion size (bp) S
&
D 60% \65
Insertion | Number of
0
o 50.0% base mutations
50% A A 22
T 13
~ 40% - c 7
I3 G 2
3 29.5%
S 30% A
=}
o
Qo
L 20% A
10%
0% -

+A +T +C +G
Insertion base

FIGURE 2 | CRISPR/Cas9-induced gene mutations in TO transgenic plants. See also Table S3. (A) The average mutation rate induced by CRISPR/Cas9 in TO
plants. (B) Summary of CRISPR-induced mutation types and their frequency in TO plants. Left: Number of genes modified with the corresponding mutation type;
Right: Percentage of genes harboring the corresponding mutation type. # Some plants have multiple target genes in one plant. (C) Frequency of each insertion or
deletion mutation. x-axis: number of base pairs (bp) deleted (-) or inserted (+) into target sites. Inset on the left top shows the percentage of mutations <10 bp or
>10 bp. PAll “possible > + 50 bp” in the figure are included in >10 bp. TIDE only calculates mutation length <50 bp. (D) Percentage of different bases in the 1-bp
insertion mutations. Inset at the right top shows the number of mutations with each type of inserted base.

Heritability of the Mutations Of note, no new mutations or reversions to wild-type were found
To evaluate the heritability of mutations in TO plants, a large ~ in the progeny of any homozygous TO plants, indicating all the
number of T1 and some T2 plants were generated and examined =~ homozygous mutations occurred in the transformed
for their genotypes at the target sites. Most of the same genotypes ~ embryogenic cells before the first division. However, we did
from TO plants were transmitted to plants in later generations, ~ observe novel genotypes in a small percentage of T1 or T2 plants
although we did not record segregation ratios in the progenies. ~ whose progenitor (T0 plants) harbored biallelic, heterozygous or
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chimeric mutations (Table 2). In particular, a homozygous
mutation (—265 bp) was detected in the progeny of a NRC2
primary transgenic plant with a “+1 bp/+2 bp” biallelic mutation.
It is possible that the new —265 bp modification at the target site
was created by further modification of the existing +1 bp or +2
bp mutations in the progenitor as has been reported in rice and
carrot (Klimek-Chodacka et al., 2018; Tang et al., 2018). It is also
possible that the biallelic TO plant (+1 bp/+2 bp) was a chimera
and the new mutation derives from chimeric tissue of the TO
plant (Zhang et al., 2014).

We also observed new genotypes in the progeny of some T0
plants harboring heterozygous or chimeric mutations (Table 2)
even though most of the progeny still possessed the same
genotypes as the progenitor line. In some of these cases,
CRISPR/Cas9 continued to modify the wild-type allele of the
target gene in the progeny if the parent plants still contained a
wild-type allele and the Cas9/gRNA expression cassette
(Table 2). In other cases, unexpected genotypes were detected
in some mutant lines including Mail-E10, CathepsinB2-ES,
Min7-E6, and ADE-E2 (Table 2). For instance, although the
ADE-E2 TO plant was chimeric (-4 bp/—5 bp/-13 bp) without a
wild-type allele, we identified one T1 plant that was azygous (two
copies of wild-type allele) and another one with a novel biallelic
mutation (-4bp/—9 bp). Another example is the CathepsinB2-E8

TABLE 2 | New genotypes detected in T1 or T2 plants.

TO plant which had a heterozygous (-4 bp/WT) mutation.
However, —2 bp homozygous and —1 bp/WT heterozygous
mutations were detected in later generations. The unexpected
new genotypes discussed above revealed that the one leaf/
cotyledon sample may not reveal all the genotypes in the whole
plant if the mutant is chimeric. Therefore, for TO edited plants
without any wild-type allele, it will still be useful to perform
genotyping in subsequent generations to obtain homozygous
mutants without the presence of Cas9/gRNA.

Specificity of CRISPR-Induced Gene
Modifications in Tomato

Mutations in unintended sequences (off-target mutations) is a
possible concern in both functional genomics studies and plant
breeding. To evaluate potential off-target effects by CRISPR/Cas9
in our tomato lines, we first evaluated the specificity of 12 gRNAs
of Cas9 by Geneious R11 (https://www.geneious.com; Kearse
et al,, 2012) and Cas-OFFinder (Bae et al., 2014). The putative
off-target sites predicted by Cas-OFFinder were then manually
checked using JBrowse (https://solgenomics.net/jbrowse_
solgenomics/) to confirm their locations in the tomato genome.
The presence of a PAM was required for the site to be considered
a candidate site. These gRNAs were selected for off-target

TO mutation type® Generation Plants Gene Solyc# Mutation® Is T-DNA present?
Bialleleic TO NRC2-E4 Solyc10g047320 +1 bp/+2 bp Yes
T NRC2-E4-P2 Solyc10g047320 +1 bp/large deletion® No
T2 NRC2-E4-P2-2 Solyc10g047320 -265 bp/-265 bp No
T2 NRC2-E4-P2-4 Solyc10g047320 +1 bp/+1bp No
Heterozygous TO Mai1-E10 Solyc04g082260 -4 bp/WT Yes
™ Mai1-E10-P20 Solyc04g082260 +1 bp/WT Yes
Heterozygous TO CathepsinB2-E8 Solyc02g077040 -4 bp/WT Yes
T CathepsinB2-E8-P2 Solyc02g077040 -2 bp/-2 bp No
T CathepsinB2-E8-P10 Solyc02g077040 -1 bp/WT No
Heterozygous TO Min7-E6 Solyc12g017830 +1 bp/WT Yes
T Min7-E6-P4 Solyc12g017830 +1 bp/-3 bp Yes
™ Min7-E6-P8 Solyc12g017830 -1 bp/WT No
Heterozygous TO NRC2-E1 Solyc10g047320 -3 bp/WT Yes
T NRC2-E1-P6 Solyc10g047320 -3 bp/-5 bp Yes
™ NRC2-E1-P15 Solyc10g047320 -3 bp (68%); -6 bp (32%) +1 bp (3.6%) No
Chimeric TO MKKK15-E2 Solyc02g065110 -1 bp (10.4%); +1 bp (2.1%); WT (85%) Yes
™ MKKK15-E2-P2 Solyc02g065110 -5 bp(60%); -1 bp (31%); +1 bp (4.7%) Yes
™ MKKK15-E2-P3 Solyc02g065110 -5 bp (20%); WT (74%) No
™ MKKK15-E2-P7 Solyc02g065110 +1 bp (77.6%); -5 bp (4.7%); WT (9.5%) Yes
Chimeric TO MKK1-E1 Solyc12g009020 -7 bp (8.1%); -2 bp (33.3%); WT (48.5%) Yes
™ MKK1-E1-P3 Solyc12g009020 -2 bp/-4 bp No
Chimeric T0 Min7-E5 Solyc12g017830 -1 bp (35.9%); +1 bp (9%); WT (49.4%) Yes
™ Min7-E5-P1 Solyc12g017830 -1 bp/-3 bp Yes
™ Min7-E5-P2 Solyc12g017830 -6 bp (64.5%); +1 bp (19%); -1 bp (8.8%);
-7 bp (3.4%) Yes
T Min7-E5-P3 Solyc12g017830 -5 bp/-6 bp Yes
™ Min7-E5-P7 Solyc12g017830 -9 bp (71.3%); +1 bp (18.2%); -1 bp (3.6%) Yes
Chimeric TO ADE-E2 Solyc05g005700 -4 bp (20%); -5 bp (40.4%); -13 bp (13.9%) Yes
™ ADE-E2-P1 Solyc05g005700 WT/WT No
™ ADE-E2-P20 Solyc05g005700 -4 bp/-9 bp No

AFor each mutant event, only the plants harboring different genotypes from their TO progenitors are listed. Unlisted T1 or T2 progeny have the same genotypes as those in TO plants.

bNumber of base pairs (bp) deleted (-) or inserted (+) into target sites; WT, wild-type. If no percentage is shown, the two genotypes are around 50%:50%.

°TIDE only detects indels <50 bp.
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analysis because morphological defects were observed in one or
more mutant lines induced by these gRNAs (Figure S4; Table S4).
A total of 18 possible off-target sites of the 12 gRNAs were identified
and off-target mutations were examined in 12 TO plants, 68 T1
plants and 44 T2 plants by PCR and Sanger sequencing (Table 3).
No off-target modifications were discovered in the tested plants
with or without Cas9, indicating our gRNAs and CRISPR-mediated
mutations are highly specific.

Another way to evaluate the specificity of CRISPR/Cas9 is to
test the efficiency of gRNAs with a few mismatches against the
target sequence in the protospacer. One of our gRNAs targeted
two tomato homologs, Mai5 and PBL-T1 (bothMai5/PBL-T1; 5-
gTAGATCGTAATGGATTGCA-3’; the first nucleotide “C” was
converted to “G” to accommodate the transcription initiation
requirement of the U6 promoter). The designed 20-bp
protospacer sequence exactly matched the target site in Mai5
but had one mismatch in PBL-T1 at the third nucleotide from the

5 end (5-gTCGATCGTAATGGATTGCA-3’). We generated
five TO plants that contained the bothMai5/PBL-T1 gRNA
construct, all of which had edits in Mai5 but not in PBL-TI,
indicating the one mismatch (along with the first nucleotide at
the 5 end) in PBL-TI appeared to significantly affect Cas9
binding and cleavage activity at the target site. Another gRNA,
targeting the tomato FLS2.2 gene, did not induce targeted
modifications in any of the 10 transgenic plants, possibly due
to a 1-bp mismatch in the seed region of the gRNA in the Heinz
1706 reference genome (GTCATCAACATCTCGCTTGT) as
compared to Rio Grande-PtoR (GTCATCAACATT
TCGCTTGT). The reference genome was used for gRNA
design and RG-PtoR was used for tomato transformation as it
contains the resistance gene Pto for investigating Pfo-mediated
immunity in our mutants. This further indicates that CRISPR/
Cas9 is highly specific, with even one mismatch in the gRNA
rendering the site uncleavable to the Cas9/gRNA complex.

TABLE 3 | Examination of possible off-target mutations caused by 12 selected gRNAs in multiple generations. See also Tables $4 and S7.

gRNAs Putative off-target locus Sequence of the putative off- Predicted by No. of mis- No. of plants No. of plants with
target sites® matches tested mutations
CathepsinB1 #1  SL3.0ch00: 19,581,605 - gGAATCTGACTTACAACTTATGG  Geneious 2 30(10T1 +20 0
-1 19,581,626 T2)
#2  SL3.0ch08: 52,560,219 - gAAATCTTTCTTCCAAGTTAGGG  Geneious 3 20(10T1 +10 0
52,560,240 T2)
ERF5-1 #1  SL3.0ch03: 56,335,989 - gGTATCGCAATGTTCAGAGATGG  Geneious/ 3 2 (TO) 0
56,336,010 (CDS) CasOFFinder
#2  SL3.0ch03: 56,356,193 - gGTATCGCAATGTTCAGAGATGG  Geneious/ 3 2 (TO) 0
56,356,214 (CDS) CasOFFinder
Fen-1 #1  SL3.0ch11:22,381,618 - gATGC-TATAACTTGAGTTAGGG  Geneious 2 17 (10T1 +7 0
22,381,638 T2)
Mai5-2 #1  SL3.0ch05: 66,181,295 - gTCTACGAATATATGCCAATGGG  Geneious/ 1 1(T0) 0
66,181,316 (CDS) CasOFFinder
Mai5-3 #1°  SL3.0ch09: 795,322 - 795,343 gTCGATCGTAATGGATTGCAAGG  Geneious/ 1 3(1TO+2T1) 0
(CDS) CasOFFinder
#2 SL3.0ch12: 67,901,371 - gTATCTCATAATGGATTGCAAGG  Geneious 3 3(1T0O+2T1) 0
67,901,392 (CDS)
#3 SL3.0ch12: 67,814,680 - gTATCTCATAATGGATTGCAAGG  Geneious 3 3(1T0O+2T1) 0
67,814,701 (CDS)
MKK2-1 #1  SL3.0ch02: 16,695,145 - gAATACG-ACAGAATCCTAGGGG  Geneious 3 17 (2T0O+15 0
16,695,165 )
MKKK15-1 #1  SL3.0ch02: 48,342,685 - GCCCAC- Geneious 3 151T0+7T1 0
48,342,706 (intron) ATCGTGTCGACGTGGG +77T2)
PBL-T1-2 #1  SL3.0ch11: 16,102,764 - gATGTCGAGGCGGGTCAAATTGG  Geneious 3 4(1T0O+3T1) 0
16,102,785
RALF2-2 #1  SL3.0ch11: 42,841,387 - GTTGAAGCTTGGAAGCTCCAAGG Geneious 3 5@T1+3T2 0
42,841,409
SOBIR-1 #1  SL3.0ch02: 31,876,612 - gTCTATACACCAGAGCTACCAGG  Geneious 3 11@T1+7T2) 0
31,876,633
TFT10-1 #1  SL3.0ch11: 42,990,626 - gATTCACTGATAGTATCAGATGG  Geneious/ 2 7(1TO+6T1) 0
42,990,647 (Intron) CasOFFinder
#2  SL3.0ch08: 34,312,506 - gCTTCATAGTTAGTAGCAGAAGG  Geneious 4 7(1TO+6T1) 0
34,312,527 (CDS)
TFT7-2 #1  SL3.0ch11: 17,271,683 - gAATGT-ATGGGAGCAAGAAAGG  Geneious 2 14(1TO+13 0
17,271,708 (Intron) )
#2  SL2.5chr03: 5,874,879- GAATGTCATTGGTGCAAGAAGGG  CasOFFinder 3 14(1TO+13 0
5,874,902 (CDS) )

4The PAM motif occurs at the 3" end of each sequence (AGG, GGG, or TGG). Mismatched bases are in bold and underlined; “g” in lower case means the first nucleotide of the putative off-
target sequence is not a “G” but was converted to that nucleotide to accommodate the transcription initiation requirement of the U6 promoter.
PThis is not a true off-target as it was intentionally designed to target a Mai5 homolog PBL-T1).
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Tomato Transformation With
Agrobacterium Pools

Tomato transformation is a lengthy and labor-intensive process.
In an approach to minimize the number of transformation
experiments needed, three to four Agrobacterium culture
preparations each carrying a different gRNA construct were
pooled and used for a single transformation experiment
(Figure 3A). TO plants were genotyped for both the presence
of T-DNA carrying the gRNAs and for possible mutations in all
the targeted genes in the pool. Of the 79 TO plants generated, 58
plants (73%) contained precise modifications in one or more of
the target genes. In terms of the number of target sites edited by
CRISPR/Cas9 with pooled gRNAs, 48 (82.8%) of the TO plants
had mutations in just one gene, while 9 plants (15.5%) had
mutations in two and 1 (1.7%) had mutations in three genes
(Figure 3A). Among these TO plants, 83.5% contained one
gRNA cassette and 15.2% contained two different gRNA
cassettes, while no plants recovered contained more than two
gRNA cassettes integrated into the genome (Figure 3B).
Interestingly, one mutant plant did not show detectable
integration of the T-DNA sequence (expressing Cas9 and
gRNA) but had a mutated gene, suggesting that transient
expression of the Cas9/gRNA occurred in this plant.
Additionally, we found another type of transient mutation in 8
TO plants at 10 different target sites (Table S5). In these plants, a
Cas9/gRNA expression cassette was integrated into the plant
genome, as confirmed by PCR and Sanger sequencing, but the
gRNA detected was not the one that induced the mutation in the
plant (Table S5), suggesting that the mutation was caused by
another transiently expressed Cas9/gRNA.

DISCUSSION

Our effort to generate a large number of CRISPR/Cas9-induced
tomato mutants targeting immunity-associated genes
demonstrates that this mutation approach is efficient and robust
for gene editing in tomato. Importantly, gene modifications
mostly occurred in germline cells and were stably inherited in
subsequent generations, similar to those in rice (Zhang et al.,
2014) but not as in Arabidopsis, in which most mutations in TO0
plants were somatically modified if a strong constitutive promoter
was used to regulate the Cas9 expression (Feng et al., 2014; Feng
etal,, 2018). However, we detected a greater range of deletion and
insertion lengths than observed in rice (Zhang et al., 2014), in
which only 1-bp insertions and fewer deletion lengths were found,
possibly due to different intrinsic DNA repair mechanisms
between these two species. These differences could also be due
to other factors including different transformation methods or
culture conditions, and different sets of target genes that tolerate
different degrees of mutations.

Base substitutions induced by the CRISPR/Cas9 system in
tomato were very rare in our study. We frequently observed single
nucleotide polymorphisms (SNPs) between Rio Grande (used for
transformation) and the tomato reference genome (Heinz 1706), but
these SNPs were due to natural variation, not mutagenesis, as
confirmed by sequencing of the gene regions from untransformed
plants. Most of these SNPs were located outside of the protospacer
sequence of the gRNA targets, and to date we have only found one
gRNA (targeting FIs2.2) which had a mismatch in the seed region
that inhibited the Cas9 binding and cleavage at the target site.
Therefore, it is reasonable to use the tomato reference genome as

two gRNAs.

A Number of Number of plants with
. mutations in one, two, or
Targeted genes cullig::fgvci:ﬁngi;{rir\’l As # of mutants for each target gene® Ze(:\for;:?;:; #Wﬁzpelzzlt: three genesb
pooled together one two |three
Mai5 and PBL-T1 3 Mai5 (8); PBL-T1 (3) 14 10 9 1 na
MKKK15; MKKK20 4 MKKK15 (6); MKKK20 (0) 10 6 6 0 na
TFT1, TFT7, TFT10 4 TFT1 (3); TFT7 (2); TFT10(2) 7 5 3 2 0
PROPEP; P26S; ERF5; NOD 4 Propep1 (1); NOD (7); ERF5 (5); P26S (0) 15 11 9 2 0
MKK2 and MKK4 4 MKK2 (5); MKK4 (1) 8 6 6 0 na
MKKK66; MAP3Ka; MKK1 4 MKKK66 (1); MAPK3Ka (6); MKK1 (2) 12 9 9 0 0
AOX; RALF2; WRKY11 4 AOX (8); RALF2 (7); WRKY11 (2) 13 11 6 4 1
Total 79 58 48 9 1
9
B 1.3%
Number of gRNAs in the Number of
plant plants
0 1 ENogRNA
B O0ne gRNA
1 66 @ Two gRNAs
2 12

FIGURE 3 | Tomato transformation with “Agrobacterium pools.” See also Table S5. (A) An example of a tomato transformation experiment designed to target 2-4
genes by using 3-4 pooled Agrobacterium cultures with each culture carrying a different gRNA. # Number of plants with mutations in the target gene is shown in

parentheses; some plants had mutations in multiple genes. ® Number of genes modified in the plants. “na” not applicable, since less than 3 genes were targeted in
the experiment. (B) Left: Number of gRNAs detected in a single mutant plant by PCR and Sanger sequencing. Right: Percentage of TO plants harboring no, one or
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the template for gRNA design and subsequent mutation genotyping
in transgenic Rio Grande and likely other tomato cultivars.

Various morphological phenotypes were detected in some
mutants compared to wild-type plants. Some of these abnormal
phenotypes were associated with all the mutation events
occurring in a specific gene, strongly supporting that the
mutation itself is responsible for the altered plant growth or
development. However, some mutant lines showed unusual
morphology associated with certain mutation events but not
all, possibly indicating that another off-target mutation occurred
in these plants. We therefore investigated a large number of these
plants but did not find any evidence of off-target mutations,
suggesting other mutations, if they exist, were either caused by
tissue culture or Agrobacterium transformation, or spontaneous
mutations during seed propagation (Tang et al, 2018). Our
observations are consistent with previous reports that CRISPR/
Cas9 causes few off-target mutations in plants including
Arabidopsis (Feng et al., 2014), rice (Zhang et al., 2014; Tang
et al.,, 2018), tomato (Nekrasov et al., 2017), cotton (Li et al.,
2019), and maize (Young et al., 2019). True off-targets reported
previously in plants showed high sequence homology to the
original spacer sequence of gRNAs (Tang et al., 2018), which can
be easily avoided by designing highly specific gRNAs using tools
such as Geneious and Cas-OFFinder. Based on our data we
devised a rule to avoid off-target effects of CRISPR/Cas9 by
designing gRNAs whose highest scored potential off-target sites
have at least a 1-nt mismatch in the seed sequence or 2-nt
mismatches in the full protospacer sequence.

Surprisingly, we found new mutations in the progeny of some
TO plants that did not contain any wild-type allele. These new
mutations did not appear to be derived from existing mutations
in the TO plants, as the Cas9-induced modifications were located
within the seed sequence of the gRNA protospacer and as little as
1-bp mismatch in the seed sequence can dramatically impair the
Cas9 binding and cleavage activity (Jinek et al., 2012). Therefore,
we believe the new mutations were derived from chimeric tissue
from the TO plant that was not detected with the one cotyledon/
leaf sample we used for mutation genotyping. We are currently
advancing lines that have biallelic or heterozygous mutations, or
that were chimeric to develop homozygous plants without the
presence of Cas9/gRNA sequence. These plants will be used to
investigate whether the mutations affect the plant immune
response, especially to P. syringae pv. tomato.
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The terms genome engineering, genome editing, and gene editing, refer to modifications
(insertions, deletions, substitutions) in the genome of a living organism. The most widely
used approach to genome editing nowadays is based on Clustered Regularly Interspaced
Short Palindromic Repeats and associated protein 9 (CRISPR-Cas9). In prokaryotes,
CRISPR-Cas9 is an adaptive immune system that naturally protects cells from DNA virus
infections. CRISPR-Cas9 has been modified to create a versatile genome editing
technology that has a wide diversity of applications in medicine, agriculture, and basic
studies of gene functions. CRISPR-Cas9 has been used in a growing number of monocot
and dicot plant species to enhance vyield, quality, and nutritional value, to introduce or
enhance tolerance to biotic and abiotic stresses, among other applications. Although
biosafety concerns remain, genome editing is a promising technology with potential to
contribute to food production for the benefit of the growing human population. Here, we
review the principles, current advances and applications of CRISPR-Cas9-based gene
editing in crop improvement. We also address biosafety concerns and show that humans
have been exposed to Cas9 protein homologues long before the use of CRISPR-Cas9 in
genome editing.

Keywords: genome editing, CRISPR-Cas9, Cas9 human exposure, plant breeding, biosafety regulations

INTRODUCTION

The world population is predicted to reach 10 billion by 2050. While the available farm land and
water are being reduced, the global demand for food will increase 25%-70% above current
production levels (Hunter et al., 2017). Thus, feeding a rapidly growing population, particularly
in the face of climate change, is a big challenge. There is, therefore, an urgent need to improve food
production and accelerate sustainable agricultural development.

Long time before the field of genetics was established, humans genetically modified plants
through breeding and selection. Without knowledge of genes, mutagenesis, or gene editing, our
ancestors influenced the genetic make-up of plants and animals by selecting for traits conducive to
food production (Wang et al., 1999; Clark et al., 2005; Li et al., 2013b). A prime example is maize
(Zea mays subsp. mays L.), which is one of the most produced cereals worldwide. Molecular,
cytological, and isozyme profiles have shown that maize is a descendant of an annual species of
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teosinte (Zea mays ssp. parviglumis) native to the Balsas River
Valley on the Pacific slopes of the states of Michoacdn and
Guerrero, Mexico. The process started approximately 9,000 years
ago. Teosinte has a popping ability that provided an incentive for
its cultivation. Repetitive cycles of selection for traits conducive
to kernel production led to the development of the maize plant as
we know it (Doebley et al., 1990; Dorweiler et al., 1993; Piperno
and Flannery, 2001).

To make plant breeding faster, more predictable, and
amendable to a wide range of species, several techniques of
plant genetic engineering have been developed. Genome editing
through programmable endonucleases is the most recent
approach to genetic engineering. Endonucleases are used to
specifically induce double strand breaks in target genes of
interest. The cellular DNA repair pathway then acts on the
double strand break to restore the damage through non-
homologous end joining (NHE]) or homology-directed repair
(HDR). In the process, insertions, deletions, substitutions, and
DNA recombination may occur (Puchta et al., 1996; Puchta,
2005; Symington and Gautier, 2011).

Three kinds of programmable endonucleases are currently being
used for plant genome editing. Zinc finger nucleases, transcription
activator-like effector nucleases (TALENs), and CRISPR-Cas9
(Malzahn et al,, 2017; Shah et al., 2018; Zhang et al,, 2018a; Bao
et al,, 2019). Zinc finger nucleases are chimeric proteins composed
of a synthetic zinc finger DNA binding domain and a DNA cleavage
domain. The zinc finger DNA binding domain can be modified to
specifically target any long stretch of double stranded DNA of
interest (Kim et al., 1996; Cathomen and Joung, 2008). Zinc finger
nucleases have been used to edit the genomes of several species,
including maize, rice and Arabidopsis (Shukla et al., 2009; Osakabe
et al., 2010; Ainley et al., 2013; Gallego-Bartolome et al., 2019).

TALENs are sequence-specific nucleases consisting of
transcription activator-like effectors fused to the catalytic domain of
the FokI endonuclease (Boch et al., 2009; Christian et al., 2010). The
DNA-binding domain in TALE monomers in turn is comprised of a
central repeat domain (CRD) that directs DNA binding and host
specificity. The CRD is formed by tandem repeats of 34 amino acid
residues, each binding to one nucleotide in the target nucleotide
sequence which allows more flexible target design and increases the
number of potential target sites relative to those that can be targeted
by zinc finger nucleases (Moscou and Bogdanove, 2009). Genome
editing by TALENS has been demonstrated in a wide variety of plants
including Arabidopsis (Christian et al., 2013), barley (Budhagatapalli
et al,, 2015), Brachypodium (Shan et al,, 2013), maize (Char et al.,
2015), tobacco (Zhang et al., 2013), potato (Clasen et al., 2016; Nicolia
et al., 2015), rice (Li et al.,, 2012; Shan et al,, 2013; Shan et al., 2015),
soybean (Du et al, 2016), sugarcane (Jung and Altpeter, 2016),
tomato (Lor et al,, 2014), and wheat (Liang et al., 2014).

The CRISPR-Cas9 system consists of a programmable Cas9
nuclease and a synthetic short guide RNA (sgRNA). DNA target
specificity is provided by the guide RNA (Figure 1). Thus, the
CRISPR-Cas9 system is much easier to be constructed than Zinc
finger or TALENS, simple, efficient, has low cost and allows the
targeting of multiple genes at once (Cong et al, 2013; Mali
et al,, 2013).

The CRISPR-Cas9 system has a wide diversity of applications.
In medicine, it has been applied in research related to cancer,
virus infections, genetic diseases and detection of pathogens.
This system has been successfully used in mice to correct
mutations in monogenic diseases (Schwank et al., 2013; Ye
et al,, 2014; Yin et al,, 2014; Kang et al, 2015), including the
one responsible for Duchenne muscular dystrophy (DMD)
(Long et al., 2016; Nelson et al., 2016; Tabebordbar et al.,
2016). CRISPR-Cas9 has also been used to disrupt HIV-1
provirus (Ebina et al.,, 2013), human papillomaviruses
(Kennedy et al., 2014) and hepatitis B virus (Kennedy et al.,
2015). Furthermore, CRISPR-Cas9 has also been used to target
human hereditary liver diseases (Yang et al.,, 2016; Yin et al,
2016) and has shown great promise for the treatment of cancer
(Chen et al.,, 2019) and Hutchinson-Gilford progeria syndrome
(Beyret et al., 2019). In human cells, CRISPR-Cas9 has been used
successfully to replace endogenously-encoded antibodies with
antibodies protective against Respiratory Syncytial Virus (RSV),
human immunodeficiency virus (HIV), influenza virus, and
Epstein-Barr virus (EBV) (Moftett et al., 2019). This review is
focused on applications of CRISPR-Cas9 in crop improvement.

COMPONENTS OF CRISPR-CAS9

Clustered regularly interspaced short palindromic repeats
(CRISPR) are a family of DNA sequences found in the
genomes of bacteria and archaea. CRISPRs were first
discovered downstream of the alkaline phosphatase isozyme
gene (iap) in Escherichia coli (Ishino et al., 1987). Palindromic
repeats are separated by short (32 to 36 bp) sequences derived
from the DNA of viruses that have previously infected the cell or
its predecessors. These virus-derived sequences integrated into
the bacterial genome provide a memory system of previous virus
infection. Once integrated into the genome, CRISPRs are
transcribed and the virus-derived sequences form short guide
RNAs that are bound by CRISPR associated protein 9 (Cas9).
Cas9 is a DNA endonuclease. In bacteria and archaea, the natural
role of the CRISPR-Cas9 system is to provide adaptive antiviral
immunity against DNA viruses. Binary complexes formed by
guide RNA-Cas9 recognize and cleave DNA of incoming viruses
with sequence similarity to the guide RNA (Garneau et al., 2010;
Horvath and Barrangou, 2010; Jinek et al, 2012; Sternberg
et al., 2014).

There are several CRISPR-Cas systems in bacteria and
archaea. For a comprehensive review, see (Karginov and
Hannon, 2010; Sorek et al., 2013). The CRISPR-Cas9 system
most frequently used in plant genome editing is an adaptation of
the type II CRISPR-Cas system of Streptococcus pyogenes
(Garneau et al.,, 2010). S. pyogenes is a Gram-positive human-
restricted pathogen that colonizes the pharynx and the skin
causing an array of diseases ranging from mild sore throat and
impetigo to invasive and life-threatening infections
(Cunningham, 2000; Rosinski-Chupin et al., 2019). Type II
CRISPR-Cas system consists of a Cas9 protein with DNA
endonuclease activity and one CRISPR RNA transcript that is
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FIGURE 1 | Targeted genome editing using CRISPR-Cas9. (A) The CRISPR-Cas9 system consists of a Cas9 protein and one or several guide RNA. Guide RNAs
determine target DNA specificity by sequence complementarity. (B) Guide RNA and Cas9 protein form a binary complex that specifically cleaves target DNA creating
a double-strand DNA break. (C) Cellular DNA repair mechanisms, non-homologous end joining (NHEJ) and homology-directed repair (HDR), repairs the double-
strand DNA break. In the process, short insertions, deletions, nucleotide substitutions, or gene insertion may occur.

processed to form one or several short guide RNAs that direct ~ and Doudna, 2017). This creates a DNA double strand break
Cas9 to the target DNA sequence (Figure 1) (Jinek et al., 2012; (DSB) at the target site, which can be subsequently used to
Lander, 2016; Jiang and Doudna, 2017). In the cell, Cas9 binds to introduce modifications by NHE]J or HDR (Figure 1C)
the guide RNA and forms a binary complex that scans the  (Symington and Gautier, 2011). In higher plants, NHE] occurs
genome for the DNA target for cleavage using Watson-Crick ~ most frequently than the more precise HDR, which requires a
base pairing. The specificity is determined by the guide RNA.  donor DNA template during homologous recombination to
Cas9 also requires a specific proto-spacer adjacent motif (PAM)  repair the dsDNA breaks. NHE] does not require a
localized on the non-target DNA strand, directly downstream of =~ homologous repair template (Puchta et al, 1996; Puchta,
the target DNA sequence (Figure 1B). Cas9 from S. pyogenes ~ 2005). NHE] has therefore become a popular way to disrupt
recognizes NGG as a PAM (Anders et al,, 2014; Lander, 2016;  genes by the creation of small base pair indels (insertions/
Jiang and Doudna, 2017). Cas9 proteins have two signature  deletions) at specific points in the target genes, while HDR can
nuclease domains: HNH and RuvC. The HNH-like nuclease  be used to precisely introduce specific point mutations and insert
domain cleaves the target DNA strand complementary to the  or replace desired sequences into the target DNA (Figure 1C) (Li
guide RNA sequence. The RuvC-like nuclease domain cleaves et al,, 2013a). Currently, it is also possible to precisely edit a
the non-target strand (Jinek et al,, 2012; Gao et al,, 2017; Jiang  single base pair in the genome without the introduction of DSBs
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by using engineered Cas9 base editors. The base editors consist of
a dead Cas9 domain fused to a cytidine deaminase enzyme that
can be programmed with a guide RNA and is able to convert G to
A and C to T without inducing dsDNA breaks (Komor et al.,
2016). A Cas9 fused with a transfer RNA adenosine deaminase
that can mediate conversion of G to A and C to T was also
created (Gaudelli et al., 2017). These base editors install point
mutations without generating excess undesired editing
byproducts. In plants, base editing has been used to efficiently
generate point mutations in maize, rice and wheat (Rees and Liu,
2018). These base editors will allow more and better genome
modifications and expand the type of cells that can be efficiently
edited. In order to make CRISPR-Cas9 a successful genome
editing technology in plants, several modifications have been
implemented. These include codon modification of the protein
Cas9 to ensure its stability in plants, the use of strong constitutive
or inducible promotors and the development of versatile DNA
cassettes to co-express guide RNAs and Cas9 in the same cells (Li
et al., 2013a).

THE GENOME EDITING PROCESS

A fundamental part of the genome editing process is the
identification of target genes that determine phenotypes of
interest, such as susceptibility to viruses (Garcia-Ruiz, 2018),
other pathogens, resistance to herbicides or adverse
environmental factors (Table 1). Assessment of natural
variation or systematic genome-wide screens are also powerful
approaches to identify target genes (Kushner et al., 2003; Panavas
et al., 2005; Pyott et al., 2016; Giner et al., 2017).

Guide RNAs are artificially designed to specifically direct
Cas9 to the target gene to be edited. Bioinformatic programs that
generate candidate guide RNAs while accounting for the
possibility of off-targets are available (http://crispr.mit.edu/).
Dynamic expression vectors have also been designed to clone
and co-express guide RNAs and Cas9 (Li et al., 2013a; Fauser
et al., 2014; Shimatani et al., 2017). Although variations have
been developed recently (Toda et al., 2019), transformation of
plant cells to express guide RNAs and Cas9 follows a process
similar to these established for the generation of transgenic
plants (Figure 2). The expression cassettes contain constitutive
or inducible promoters, transcription terminators and antibiotic
and/or herbicide resistance markers used for selection purposes
(Li et al., 2013a; Fauser et al., 2014; Shimatani et al., 2017).

The vector carrying the Cas9 protein and the guide RNA is
then introduced into Agrobacterium tumefaciens or Rhizobium
rhizogenes (Figure 2B). Colonies containing the CRISPR-Cas9
construct are further used to transform plants by Agrobacterium-
mediated transformation and first generation transgenic plants
are identified by antibiotic or herbicide selection (Li et al., 2013a;
Pyott et al., 2016; Veillet et al., 2019). Green fluorescent protein
(GFP) has also been used to distinguish cells or calluses
containing the CRISPR-Cas9 cassette (Doench et al., 2014). In
all cases, sequencing the target gene is required in order to
identify the mutations introduced by genome editing. The
presence of the CRISPR-Cas9 cassette renders the plants

transgenic and thus subject to the corresponding biosafety
regulations (Callaway, 2018; Garcia Ruiz et al., 2018;
Eckerstorfer et al., 2019). However, in sexually propagated
plants, after identification of the genome edited plants, the
CRISPR-Cas9 transgene can be eliminated by Mendelian
segregation (Figures 2D-E) (Zhang et al., 2019a). This key
part of the process removes the transgene in the third or
subsequent generations resulting in the formation of genome-
edited plants without a transgene (Pyott et al., 2016). Because of
the absence of the transgene in these plants, they resemble those
with mutations generated by natural means or chemical
mutagenesis (Lellis et al., 2002; Pyott et al., 2016).

Because the introduction of the CRISPR-Cas9 cassette as a
transgene might be controversial under certain regulations in
some countries (Table 2), protocols have been developed to edit
genomes without transgenes using guide RNA-Cas9
ribonucleoprotein complexes (Liang et al., 2017; Toda et al,
2019) or transient expression (Zhang et al., 2016).

Not all plant species are susceptible to A. tumefaciens. In
species recalcitrant to Agrobacterium-mediated transformation,
alternatives include Rhizobium rhizogenes-mediated or
protoplast transformation. R. rhizogenes previously known as
Agrobacterium rhizogenes, is a soil-borne gram-negative bacteria
that causes hairy roots in plants. In most plant species, cells
transformed with R. rhizogenes and its Ri plasmid differentiate
into transformed roots, serving as a visual marker for marker-
free screening and selection (Young et al.,, 2001; Bahramnejad
et al, 2019). A comprehensive description of R. rhizogenes
strains, binary vectors, and plants transformed using them is
provided by (Bahramnejad et al, 2019). Examples of plants
edited through CRISPR-Cas9 using R. rhizogenes include
soybean (Du et al, 2016), tomato and rubber producing
dandelion Taraxacum kok-saghyz (Iaffaldano et al., 2016).

PROTOPLAST OR ZYGOTE
TRANSFORMATION

For several plant species, including maize, soybean, wheat, rice,
tomato, lettuce, arabidopsis, petunia, grapevine, apple, potato,
and tobacco, protocols have been developed to isolate protoplast
and transfect them with cassettes carrying CRISPR-Cas9 for
genome editing purposes. Protoplast transfection has been
used to rapidly optimize CRISPR-Ca9 parameters (Woo et al,
2015; Lin et al., 2018). However, isolation of single-protoplast has
been used to regenerate stable transformants after transfection
with cassettes carrying CRISPR-Cas9 or with ribonucleoprotein
complexes assembled in vitro by synthesizing small guide RNAs
and Cas9 protein. Gene editing using ribonucleoprotein
complexes has the advantage of obtaining mutants without the
presence of exogenous DNA. Preassembled Cas9-guide RNA
ribonucleoproteins complexes can be delivered into protoplasts
using polyethylene glycol-calcium-mediated transfection (Woo
et al,, 2015; Kim et al., 2017; Liang et al., 2017; Lin et al., 2018).
To overcome the low efficiency of this approach, a protocol has
been develop to transform plant zygotes by ribonucleoprotein
complexes or by biolistic bombardment (Toda et al., 2019).
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TABLE 1 | Representative applications of CRISPR-Cas9 in crop breeding.

Group Crop Target gene Role Modification Target trait Reference
species
Monocotyledon Maize ZmTMS5 Causes the TGMS trait Gene knockout ~ Thermosensitive genic  (Li et al., 2017)
male sterility
Monocotyledon  Sorghum k1C Encode 22-kD o-kafirin proteins Genes High Lysine content (Li et al., 2018a)
disruption in N-  and increased protein
terminal ER digestibility
signal peptide
region
Monocotyledon Wheat TaEDR1 Negative regulator of the defense response Knock-down all  Powdery mildew (Zhang et al.,
against powdery mildew three homologs  resistance 2017b)
of TaEDR1
Monocotyledon Wheat TaGW2-A1, -B1 and Genetic control of grain weight and protein Homologous Grain weight and (Zhang et al.,
-D1. content traits genes knockout  protein content 2018a)
increase
Monocotyledon Wheat Ms1 Male fertility gene Gene knockout ~ Male sterility (Okada et al.,
2019)
Monocotyledon Rice OsRR22 Transcription factor Inactivating Enhanced salinity (Zhang et al.,
mutations tolerance 2019a)
Monocotyledon Rice CAO1 and LAZY1 Synthesis of Chl b from Chl a and regulating Genes' Defective synthesis of  (Miao et al.,
shoot gravitropism, respectively disruption Chlorophyll b and 2013)
tiller-spreading
phenotypes
Monocotyledon Rice SBEI and SBEIlb Determining the amylose content, fine structure  Genes Higher proportion of (Sun et al., 2017)
of amylopectin, and physiochemical properties  disruption long chains in
of starch amylopectin
Monocotyledon Rice Gnla, DEP1, GS3 and Regulators of grain number, panicle Genes Enhanced grain (Lietal, 2016)
IPA1 architecture, grain size and plant architecture, disruption number, dense erect
respectively panicles, and larger
grain size, respectively
Monocotyledon Rice OsERF922 Negative regulator of Rice blast resistance Gene disruption  Enhanced rice blast (Wang et al.,
resistance 2016a)
Monocotyledon Rice OsSWEET13 Sucrose transporter. Negative regulator of Gene knockout  Bacterial blight (Zhou et al.,
bacterial blight resistance resistance 2015)
Monocotyledon Rice OsMATL Encodes a pollen-specific phospholipase Gene knockout  Haploid seed (Yao et al., 2018)
formation
Monocotyledon Rice ALS Acetolactate synthase encoding gene Gene disruption  Herbicide resistance (Endo et al.,
2016)
Monocotyledon Rice ALS Acetolactate synthase encoding gene Gene Herbicide resistance (Sun et al., 2016)
replacement
Monocotyledon Rice TMS5 Thermo-sensitive genic male sterility gene Gene knockout  Thermo-sensitive (Zhou et al.,
genic male sterility 2016)
Monocotyledon Cavendish ~ PDS Phytoene desaturase encoding gene Gene knockout  Albinism phenotype (Naim et al.,
banana 2018)
Musa
acuminata)
Monocotyledon Banana Integrated endogenous The eBSV activates into infectious viral particles  Knockout the Asymptomatic plants  (Tripathi et al.,
(Musa spp.) banana streak virus under stress integrated to banana streak virus  2019)
(eBSV) in the B dsDNA of BSV
genome of plantain from the banana
genome
Dicotyledon Camelina FAD2 Fatty acids biosynthesis Genes knockout  Improve seed Oleic (Jiang et al.,
sativa acid content 2017)
Dicotyledon Arabidopsis  The FWA and the Flowering time gene and a transcriptional Genes knock in.  Targeted gene (Papikian et al.,
thaliana SUPERMAN regulator of floral homeotic genes activation and DNA 2019)
promoters. methylation in
Arabidopsis
Dicotyledon Arabidopsis  CBFs C-repeat binding factors encofing genes, key Genes Cold tolerance (Jia et al., 2016b)
thaliana transcription factors in the cold stress response  disruption.
Deletions and
insertions
Dicotyledon Tomato SIUAZ2 Important repressor in jasmonate signaling Gene knock in,  Bacterial speck (Ortigosa et al.,
pathway. Key regulator of stomatal aperture lacking the C- resistance 2018)

during biotic stresses

(Continued)

Frontiers in Plant Science

www.frontiersin.org

37

February 2020 | Volume 11 | Article 56


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

El-Mounadi et al.

Gene Editing Applications

TABLE 1 | Continued

Group Crop Target gene Role Modification Target trait Reference
species
terminal Jas
domain
Dicotyledon Tomato SIiMio1 Confers susceptibility to fungi, causing the Gene disruption.  Powdery mildew (Nekrasov et al.,
powdery mildew disease 48 bop deletion  resistance 2017)
Dicotyledon Tomato SP5G Florigen paralog and flowering repressor Gene knockout  Rapid flowering. Early  (Soyk et al.,
yield 2017)
Dicotyledon Tomato SIAGL6 Transcription factor. It plays essentials roles, Gene knockout  Parthenocarpic (Klap et al., 2017)
especially in flower meristem and floral organ phenotype
development
Dicotyledon Tomato SIAA9 Key gene controlling parthenocarpy Gene knockout  Parthenocarpic (Ueta et al.,
phenotype 2017)
Dicotyledon Tomato SIMAPK3 Mitogen-activated protein kinases 3 encoding Gene knockout.  Drought tolerance (Wang et al.,
gene, responds to drought stress 2017)
Dicotyledon Tomato CrtR-b2 and Psy1. Key genes of carotenoid biosynthesis Genes knockout Changes on (D'ambrosio
carotenoids profile et al., 2018)
Dicotyledon Wild tomato  SELF-PRUNING, Encode general plant growth habit, fruit shape, Genes knockout Obtain domestication  (Zsogon et al.,
OVATE, FASCIATED fruit size, fruit number and nutritional quality, traits (fruit number, 2018)
and FRUIT WEIGHT respectively size, shape, nutrient
2.2, MULTIFLORA and content and plant
LYCOPENE BETA architecture)
CYCLASE
Dicotyledon Stress- SP, SP5G, SICLV3, Flowering repressors, small-peptide-encoding ~ Genes Domesticated (Li et al., 2018b)
tolerant SIWUS and SIGGP1 gene, homeobox-encoding gene and vitamin disruption. phenotypes yet
wild-tomato C-biosynthetic enzyme encoding gene. Insertions, retained parental
deletions and disease resistance and
invertions. salt tolerance
Dicotyledon Potato GBSS Granule-bound starch synthase encoding gene, Gene knockouts Increased amylopectin - (Andersson et al.,
is responsible for amylose synthesis content 2017)
Dicotyledon Cucumber  elF4E Eukaryotic translation initiation factor. Is a Gene knockout ~ Cucumber Vein (Chandrasekaran
central part of the translation machinery Yellowing Virus, et al., 2016)
Zucchini yellow
mosaic virus and
Papaya ring spot
mosaic virus-W
resistance
Dicotyledon Soybean GmfT2a Integrator in the photoperiod flowering pathway Gene Late flowering (Cai et al., 2018)
in soya bean disruption.1-bp
insertion or short
deletion
Dicotyledon Grape WWRKY52 Transcription factor gene that plays important Gene knockout  Botrytis cinerea (Wang et al.,
roles in plant defense regulatory networks in resistance 2018)
grape
Dicotyledon Oranges CsLOB1 Plays a critical role in promoting pathogen Disruption of Citrus canker (Peng et al.,
growth and erumpent pustule formation CsLOB1 resistance 2017)
promoter.
Deletions,
insertions and
substitutions
Dicotyledon Grapefruits ~ CsLOBT1 Critical citrus disease susceptibility gene for Disruption the Citrus canker (Jia et al., 2017)
citrus canker coding region of  resistance
both alleles of
CsLOB1
Dicotyledon Grapefruits ~ CsLOB1 Plant-specific transcriptional factor in the lateral  Disruption of the  Citrus canker (Jia et al., 2016a)
organ boundaries (LOB) domain family PthA4 effector alleviated
binding
elements in the
Type | CsLOB1
Promoter
Fungus Mushroom  PPO Enzymes that use molecular oxygen to oxidize ~ Knockout of one  Non-browning (Waltz, 2016b)
ortho-diphenols to ortho-quinones. These of six PPO phenotype
commonly cause browning reactions following  genes

tissue damage, and may be important in plant
defense. Some PPOs function as hydroxylases
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FIGURE 2 | Genome editing process using CRISPR-Cas9 and Agrobacterium tumefaciens. (A) Cas9 protein and guide RNAs are cloned into the same plasmid
vector containing transfer DNA (T-DNA) signals. Expression is driven by strong constitutive (U6, 35S, or other), inducible or tissue specific promoters. Transcription
termination is programmed by addition of terminator such as the U6 or Nopaline synthase (NOS). For plant genome editing purposes, Cas9 has been codon-
optimized and might contain an epitope tag to determine expression. (B) A. tumefaciens or R. rhizogens is transformed with the plasmid vector carrying the cassette
for Cas9 protein and guide RNAs expression. (C) Bacteria is used to transform embryos, ovules in flowers, protoplasts, roots, or cells in leaves. Integration site of the
T-DNA is random. (D) Expression of Cas9 protein and guide RNAs lead to editing of the target DNA. The T-DNA insertion site and the DNA target are likely not
linked. (E) The T-DNA insertion and edited part of the genome can be separated by Mendelian segregation.

DE NOVO INDUCTION OF MERISTEMS

Delivering the CRISPR-Cas9 cassette into the germ line or
protoplasts is technically challenging and inefficient. However,

in dicotyledonous plants, those limitations might be eliminated
through de novo induction of meristems. Developmental
regulators and gene-editing components are delivered into
somatic cells of whole plants. From treated tissue, shoots
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TABLE 2 | Regulation of genetically modified and genome edited plants
across countries.

Country Genetically modified Genome-edited
plants’ plants?

Argentina Regulated Case-by-case,
mostly non-regulated

Australia Regulated Non-regulated

Brazil Regulated Case-by-case,
mostly non-regulated

Canada Regulated Regulated

Chile Regulated Case-by-case,
mostly non-regulated

European Union Regulated/opposed Regulated/Opposed

India Regulated Regulated

Japan Regulated Non-regulated

Malaysia Regulated Regulated

Mexico Regulated Regulated

New Zealand Regulated Regulated

South Africa Regulated Regulated

Thailand Regulated Regulated

United States of Regulated Non-regulated

America

"Refers to the final product containing transgenes, such as selection markers or
other form of foreign DNA used during the process.

2Refers to the final product lacking transgenes that might have been used during
the process.

emerge that contain the targeted DNA modifications that are
transmitted to the next generation (Maher et al., 2019).

APPLICATIONS OF GENOME EDITING IN
CROP IMPROVEMENT

Genome editing with CRISPR-Cas9 is amendable to edit any
gene in any plant species. Because of its simplicity, efficiency, low
cost, and the possibility to target multiple genes, it allows faster
genetic modification than other techniques. It also can be used to
genetically modify plants that were previously neglected. The
potential that this represents for crop breeding and the
development of sustainable agriculture is incommensurable
(Cong et al,, 2013; Mali et al,, 2013; Zhang et al., 2017a; Toda
et al, 2019; Wurtzel et al., 2019; Zhang et al., 2019b).

Impressive genetic modifications have been achieved with
CRISPR-Cas9 to enhance metabolic pathways, tolerance to biotic
(fungal, bacterial or viral pathogens), or abiotic stresses (cold,
drought, salt), improve nutritional content, increase yield and
grain quality, obtain haploid seeds, herbicide resistance, and
others (Table 1). Notable cases include thermosensitive genic
male sterility in maize (Li et al., 2017) and wheat (Okada et al.,
2019), improved nutritional properties in sorghum and wheat (Li
et al., 2018a; Zhang et al, 2018b), tolerance or resistance to
pathogens (Zhang et al., 2017b; Pyott, 2016), and resistance to
herbicides (Endo et al., 2016; Sun et al., 2016).

In potato CRISPR-Cas9 was used to knockout the gene
encoding granule-bound starch synthase (GBSS) in one round
of transfection resulting in the development of potato plants that
produce amylopectin starch, a highly desirable commercial trait
(Andersson et al., 2017). In cucumber CRISPR-Cas9 system was
used to inactivate the eukaryotic translation initiation factor gene

elFAE. The resulting non-transgenic homozygotic mutant plants
were immune to Cucumber vein yellowing virus (Genus
Ipomovirus) and resistant to the potyviruses Zucchini yellow
mosaic virus and Papaya ring spot mosaic virus
(Chandrasekaran et al., 2016). Engineering genetic resistance to
viruses and other pathogens has immense potential to manage
diseases for which no natural resistance has been detected, such
as maize lethal necrosis disease and tomato brown rugose fruit
virus (Luria et al.,, 2017; Garcia-Ruiz, 2018; Wamaitha
et al., 2018).

HUMAN EXPOSURE TO CAS9 PROTEINS

In many bacteria and most archaea, CRISPR-Cas provides
acquired immunity against viruses and plasmids by targeting
nucleic acid in a sequence-specific manner (Horvath and
Barrangou, 2010). Comparative genomic analyses revealed that
CRISPR and genes coding for their associated proteins were
present in diverse bacterial phylogenetic groups (Haft et al., 2005;
Lillestol et al., 2006; Makarova et al., 2006). Since this adaptive
immune system is useful for bacterial survival, it is likely to be
present in all bacteria.

We compared the amino acid sequence of the Cas9 protein
from S. pyogenes used in plant genome editing to proteins from
bacteria to which humans are exposed through food
consumption or in the environment. Results showed that Cas9
from S. pyogenes has 23% to 58% similarity to Cas9 protein from
Streptococcus thermophilus, a bacterium widely used as a
probiotic and in the production of cheese and yogurt (Figure
3). Additionally, Cas9 from S. pyogenes shares up to 35%
similarity with Cas9 proteins from a wide range of bacteria
used in food production such as Lactobacillus plantarum used to
make cheese, yogurt, kefir and other fermented milk and meat
products as well as fermented vegetables and beverages (Coloretti
et al., 2007; Zago et al.,, 2011; Khemariya et al., 2016;
Settachaimongkon et al., 2016; Sidira et al., 2017; Behera et al.,
2018). L. plantarum is frequently encountered as a natural
inhabitant of the human gastrointestinal tract, in which it is a
transient guest acquirable through the diet (Vesa et al., 2000; De
Vries et al., 2006). Additionally, L. plantarum is often used as a
probiotic and can improve the balance of beneficial intestinal
microflora (Nguyen et al., 2007; Nagpal et al., 2012; Kassayova
et al., 2014).

Furthermore, Cas9 from S. pyogenes has homologues in
diverse Gram-positive and Gram-negative bacteria that occupy
very diverse niches throughout the human body (Louwen et al.,
2014). Some are commensals and others are pathogenic bacteria.
More than 80% amino acid sequence similarity was detected
between Cas9 from S. pyogenes and that from human commensal
and pathogenic bacteria such as Streptococcus dysgalactiae subsp.
equisimilis, Staphylococcus aureus, Klebsiella pneumonia and S.
canis (Figure 3).

These observations show that humans have been exposed to
Cas9 proteins in their food and environment long before the
development of genome editing. The biosafety risk of human
exposure to the Cas9 used for plant genome editing needs further
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FIGURE 3 | Bacteria frequently in contact with humans and similarity of their proteins to S. pyogenes Cas9 frequently used in plant genome editing. Amino acid
sequence of S. pyogenes Cas9 was used to search for homologues proteins in GenBank. Proteins with more than 20% similarity are indicated. Features or

assessment (Pineda et al., 2019) and our results do not mean that
potential human exposure to Cas9 used in genome editing
is irrelevant.

BIOSAFETY CONCERNS ABOUT
GENOME-EDITED PLANTS

Methodological, biosafety and social concerns remain about the
use of genome editing in plants. They mostly are related to target
gene site selection, guide RNA design, off-target effects, and the
delivery method. The major concern is the risk of generating
unwanted genetic changes in plants due to off-target mutations
(Liang et al,, 2018; Pineda et al, 2019). Fragments of the
CRISPR-Cas9 might be degraded into filler DNA and inserted
into expected and/or unexpected genomic positions during the
DNA repair process (Gorbunova and Levy, 1997; Zhang et al,
2016). However, transgene integration and the risk of off-target
mutations can be prevented by delivering in vitro pre-assembled
CRISPR-Cas9 ribonucleoproteins (Malnoy et al., 2016; Svitashev
etal., 2016; Zhang et al., 2016; Liang et al., 2018). This technique
has already been used in several crop species but there are still
some drawbacks in its application such as low stability, high costs
and high levels of technical requirements, which need to be
improved (Malnoy et al., 2016; Subburaj et al., 2016; Murovec
et al., 2018).

Substantial work has also been done to minimize oft-target
effects of Cas9 itself, including improving RNA guide-design
strategies, ribonucleoprotein delivery, protein engineering, using
spatiotemporally controlled Cas9, and/or gRNAs through a
plethora of chemical or environmental inducers, or using
synthetic genetic circuits that modulate CRISPR function
according to predefined logic (Svitashev et al., 2016; Liang
et al., 2018). Base editing is also being modified to improve the
specificity of base editors by limiting deaminase activity outside
of Cas9 binding through the use of different deaminase effectors
or rationally engineering the deaminase to decrease its DNA
binding ability (Shimatani et al., 2017).

Other concerns about CRISPR-Cas9 technology are related to
the Cas9 protein itself as it was shown to induce an immune
response when delivered by adeno-associated virus in mice,
making immunogenic side effects a concern (Chew et al,
2016). There are also concerns about the specificity of Cas9
and the limited number of sites which can be targeted due to the
requirement of the PAM (Spencer and Zhang, 2017). Protein
engineering efforts led to the identification of mutations in Cas9
that alter its PAM recognition and enhance its fidelity and
recognize other motifs (Kleinstiver et al., 2015; Kleinstiver
et al., 2016; Leenay and Beisel, 2017). Further modifications to
Cas9 and guide RNA design, such as Fokl fusions, paired
nicking, and the use of truncated guide RNAs, have provided
additional improvements to specificity (Wyvekens et al., 2015).
Furthermore, Cas9 variants, Cas9 homologs derived from other
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bacteria, or novel Cas proteins such as Cpfl nucleases can be
used (Nakade et al., 2017; Pineda et al., 2019).

The societal concerns about genome editing stem in part from
the lack of information about its principles and applications. A
fundamental feature here is the distinction between genetically
modified plants, transgenic plants, and genome edited plants
(Garcia Ruiz et al,, 2018; Eckerstorfer et al., 2019). Genome
edited plants may or may not be transgenic. As indicated above,
the transgene carrying the CRISPR-Cas9 cassette might be
removed by gene segregation (Figure 2). If this is done, a
genome-edited plant might be classified as non-transgenic.
Educating the public on the principles of genome editing has
the potential to correct and prevent the spread of misconceptions
(Garcia Ruiz et al., 2018; Eckerstorfer et al., 2019).

REGULATION OF GENOME-EDITED
CROPS

The term genetically modified refers to plants whose genome has
been modified in a way that would not have been occurred
naturally (Wang et al., 2016b; Duensing et al., 2018; Friedrichs
et al,, 2019).

In contrast, gene editing refers to DNA modifications similar
to those potentially generated naturally (deletions, nt
substitutions, insertions) of by conventional plant breeding
(Nature Plants Editorial, 2018). The basis to regulate the
release and international trade of living genetically modified
organisms were established in the Cartagena Protocol on
Biosafety. However, production, consumption, and regulation
of genetically modified plants have followed contrasting
patterns. While some countries reject consumption and ban
production, others openly grow and consume them (Garcia
Ruiz et al., 2018).

Regulation of genome-edited plants follows two frameworks.
Some countries regulate the process, while others regulate
characteristics of the final product (Eckerstorfer et al, 2019;
Van Vu et al, 2019). While some countries have established
biosafety regulations for genome edited plants, or declared their
deregulation (Table 2), most countries have not yet established
their position (Eckerstorfer et al., 2019). Challenges in regulating
plant genome editing include market access, and addressing the
societal concerns about its biological safety without limiting the
development of the technology (Kupferschmidt, 2018;
Eckerstorfer et al., 2019). Transgene-free, genome-edited plants
are similar to varieties containing genetic variations created
naturally (Figure 2). Therefore, commercialization of genome
edited plants or their products might bypass the strict biosafety
regulations required for transgenic plants (Tuteja et al., 2012;
Van Vu et al, 2019).

The United States Department of Agriculture (USDA)
declared in March 2018 that genome editing is the equivalent
of conventional breeding in some instances and therefore does
not require regulatory oversight within the American regulatory
framework (Waltz, 2016a). A mushroom engineered to resist
browning and a waxy corn engineered to contain starch

composed exclusively of amylopectin are the first CRISPR
edited crops to be approved for commercialization in the USA
with no regulations (Waltz, 2016b). The decision not to regulate
was based on the fact that no foreign DNA (transgene) was
inserted during editing and that the resulting change did not
involve resistance to pesticides or herbicides.

Canada, on the other hand, has remained committed to the
scientific principles laid down in its domestic regulatory framework
for plants with novel traits established 25 years ago. Canada's policy
states that any gene editing technology that creates a novel product
is subject to additional regulatory oversight on allergenicity, toxicity
and impacts on non-target organisms (Smyth, 2017). Two products
obtained by gene editing have been approved in Canada, non-
browning apples and non-dark spots potatoes (Waltz, 2016b). The
approval was granted after a lengthy evaluation process that
determined that the changes made to the apples and the potatoes
did not pose a greater risk to human health than apples and potatoes
currently available on the Canadian market (Waltz, 2016b).

Argentina has developed a functional regulatory system for the
approval of genome-edited products (Whelan and Lema, 2015).
The regulatory system was developed to be consistent with the
Cartagena Protocol on Biosafety and relies on case-by-case
assessment. If a transgene technology was used in the
development of a product, where the final product is free of the
transgene, then this product can be classified as nontransgenic.
Chile and Brazil followed Argentina's lead. Chile signed a normative
resolution in 2017 while Brazil published a resolution in January
2018 (Duensing et al., 2018). Both regulate gene-edited products on
a case-by-case basis and exempt them from regulation when there is
no insertion of transgenes.

Meanwhile, European Union (EU) countries remain
politically opposed to genetically modified crops (Waltz,
2016b). On July 2018, the Court of Justice of the European
Union (ECJ) ruled that gene-edited crops should be subject to
the same stringent regulations as conventional genetically
modified (GM) organisms. In its ruling, the EC] determined
that only mutagenesis techniques that have conventionally been
used in a number of applications and have a long safety record
are exempt from this rule.

In Australia, the Gene Technology Act (GT Act), introduced
in 2000, stipulates that a GMO is an organism produced by any
technique that modifies genes or other genetic material. In 2001,
the Gene Technology Regulations were introduced. Schedule 1 of
these regulations, specifies that organisms resulting from an
exchange of DNA in which the donor species is also the hosts
species and the vector DNA does not contain heterogenous DNA
as not GMOs. In October 2019, an amendment to schedule 1
came in effect. The amendment excludes organisms modified
through CRISPR-Cas9 and other unguided repair of site-directed
nuclease activity (SDN), from being regulated as GMOs. The
amendment also indicates that organisms generated in the
intermediated steps of the SDN method are deemed non
GMOs if 1) no nucleic acid template is supplied to guide
genome repair through homology-directed recombination, and
2) the organism has no other modifications as a result of the gene
technology (Eckerstorfer et al., 2019).
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In New Zealand, importation, development, field testing, and
release of GMOs genetically modified are regulated by the
Hazardous Substances and New Organisms Act 1996 (HSNO
Act). The country has the most rigorous and comprehensive
process for regulation of GMOs. As a result of that, no GMO
commercial crops are grown in the country and no GM meat or
fresh produce is sold in the country. Furthermore, processed food
that contains imported GM ingredients is tested for safety and
should be labeled as so. In 2016, the HSNO Act was amended with
an article stating that plant breeding by genome editing is subject to
the same regulations as the GMOs (Shimatani et al., 2017).

India's regulatory process for research, development and use
of GMOs and their products, including new gene technologies
was established in 1989. The Food Safety and Standards
Authority of India define genetically engineered or modified
food as “any food or food ingredient composed or containing
genetically modified or engineered organisms obtained through
modern biotechnology, or food and food ingredients produced
from but not containing genetically modified or engineered
organisms obtained through modern biotechnology”. Thus all
new technologies including CRISPR-Cas9 gene technologies
(including genome editing) are still regulated within the
existing regulatory framework (Friedrichs et al., 2019).

Japan's Ministry of Health, Labor and Welfare (MHLW) has
recently declared that foods derived from genome editing
technologies which do not contain transgenic genes and/or
fragments of transgenic genes are not considered GMOs and
are not subject to regulations as long as the DNA double-strand
break induced by the genetic engineering method is either a base-
pair deletion, a naturally occurring gene deletion and/or a
concomitant insertion of one to several base pairs. The new
MHLW's policy also indicates that oft-target mutations in GE
foods should not be of concern as they can also be observed in
multiple locations in the genome of crops produced by
traditional breeding (South et al., 2019; Van Vu et al., 2019).

It seems that the decision to regulate or not regulate GE crops
and foods depends mainly on the type of GMO regulatory system
already in place in the country. Countries that have adopted a
process-based GMO regulatory system and consider that
products made using the regulated process are fundamentally
different or more risky than similar products made using other
methods will likely regulate GE crops and foods under the GMO
laws. On the other hand, countries who follow a product-based
regulatory system and regulate based on the characteristics of the
final product rather than the process by which it was made might
not regulate GE crops and foods under GMO laws. Countries,
such as Malaysia and Thailand, who adopt a dual product and
process approach will also likely to regulate GE crops and foods
under GMO laws (Friedrichs et al., 2019).

FUTURE PERSPECTIVES

Due to the many practical applications related to food
production, genome editing can and will be used to solve
agricultural issues that directly affect food security, such a

citrus greening disease (Taylor et al., 2019), and the high yield
losses in C3 plants, such as rice and barely, due to inefficient
photorespiration in these crops. A recent report described the
construction of three synthetic glycolate metabolic pathways
in tobacco chloroplasts with the aim of improving the plant's
photosynthetic efficiency. Flux through the synthetic pathways
was maximized by inhibiting glycolate export from the
chloroplast using RNA interference to down-regulate a
native chloroplast glycolate transporter. In the transgenic
tobacco plants, the photosynthetic yield increased by 20%
while biomass productivity improved by more than 40%
(South et al., 2019). While this study did not use genome
editing technology and was carried out in Nicotiana tabacum,
a model plant, the concept can be applied easily and
successfully in staple crops using CRISPR-Cas9. Successful
improvement in photorespiration efficiency in crops such as
maize, rice and wheat, has the potential to substantially
increase food production for the growing worldwide
population while using the same cultivation areas and
without having to destroy more forest areas for agricultural
purposes. Producing crops with better quality food through
genome editing will also help achieve food security (Li et al.,
2018b; Narayanan et al., 2019).

CONCLUSIONS

Genome editing in general, and CRISPR-Cas9 in particular, is a
revolutionary tool that can impact science, food production, and
society. CRISPR-Cas9 has great potential for transforming
agriculture by making plants tolerant to biotic and abiotic
stresses and improving their nutritional value and yield. These
attributes are necessary to meet the demand of an increasing
world population. In order to be able to effectively and durably
use this technology in crop improvement, the scientific
community needs to address the various biosafety and societal
concerns about it. There is also a need to re-evaluate the
regulations of genome-edited plants and to educate the general
public about their properties.
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Modern maize hybrids often contain biotech and native traits. To-date all biotech
traits have been randomly inserted in the genome. Consequently, developing hybrids
with multiple traits is expensive, time-consuming, and complex. Here we report using
CRISPR-Cas9 to generate a complex trait locus (CTL) to facilitate trait stacking.
A CTL consists of multiple preselected sites positioned within a small well-characterized
chromosomal region where trait genes are inserted. We generated individual lines, each
carrying a site-specific insertion landing pad (SSILP) that was targeted to a preselected
site and capable of efficiently receiving a transgene via recombinase-mediated cassette
exchange. The selected sites supported consistent transgene expression and the SSILP
insertion had no effect on grain yield. We demonstrated that two traits residing at
different sites within a CTL can be combined via genetic recombination. CTL technology
is a major step forward in the development of multi-trait maize hybrids.

Keywords: maize, CRISPR-Cas9, complex trait loci, trait stack, gene target, gene expression, recombinase-
mediated cassette exchange, genetic crossing

INTRODUCTION

In the early years of biotech crop cultivation, a single transgene was used to confer resistance to
insects or tolerance to herbicides. This benefited growers by reducing yield losses from pests and
weeds, while at the same time reducing soil erosion and the use of chemical pesticides (Koziel
etal., 1993; Padgette et al., 1995). Over the last ~30 years some insects have developed resistance to
insecticidal proteins used in first generation products and herbicide-resistant weeds have become
problematic. The need for new traits that are durable and broad-spectrum has been partially met
by the introduction of products that employ multiple transgenes (Que et al., 2010). Additionally,
the objectives of transgenic traits have expanded, with research in many areas including disease
resistance, drought tolerance, nitrogen use efficiency, and grain quality. Traditionally, multiple
traits have been brought together using genetic backcrossing, referred to as trait introgression (TT)
(Peng et al., 2014). However, introgression of more than four traits which reside at different part of
genome in an inbred line is impractical in developing commercial products (Mumm and Walters,
2001; Petolino and Kumar, 2016; Chen and Ow, 2017). Moreover, backcrossing introgression brings
along unintended genome sequences adjacent to the transgene which can lower yield. To overcome
these challenges, improved methods for trait assembly are needed.
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Complex Trait Loci in Maize

Several approaches have been taken to improve trait assembly.
TI has been enhanced using molecular markers which facilitate
selection and reduce the number of backcrosses needed (Peng
et al,, 2014). Transgenic constructs containing multiple gene
expression cassettes have been used, but this approach is
ineflicient (Cao et al., 2002; Dafny-Yelin and Tzfira, 2007; Que
etal., 2010). Sequential transformation methods have been shown
to enable stacking traits by inserting a transgene immediately
adjacent to an existing biotech trait using recombinase-mediated
cassette exchange (RMCE) or zinc finger/homing endonucleases
(Ow, 2011; Ainley et al., 2013; D’Halluin et al., 2013; Kumar et al.,
2015; Petolino and Kumar, 2016; Srivastava and Thomson, 2016).
Although modular trait stacking resolved some of the issues
associated with the direct transformation of a large plasmid, it
has not been adopted for product development in part due to
concern that the newly added transgene may alter expression of
the original transgene because of spatial proximity and partly
because the process has low efficiency. Both of those molecular
stacking approaches are inflexible; should one of the trait genes
not be required in a geography or have lost efficacy, it can’t be
easily separated or replaced by conventional breeding.

To facilitate development of multi-trait products in maize, we
have developed a complex trait locus (CTL) approach. A CTL is
comprised of multiple gene-targeting sites carefully positioned
within a small well-characterized region in the genome. To
create a CTL, individual transgenic lines are created that have
a site-specific insertion landing pad (SSILP) targeted to a
preselected site using the CRISPR-Cas9 system. Each of the
SSILP lines are capable of receiving a transgene via high-
efficiency RMCE. Genetic crossing then is used to link traits
via meiotic recombination. The tightly linked trait genes can
then be introgressed into other inbreds as a single locus. The
relatively short, but adequate genetic distance between these
transgenes also allows removal of a transgene if needed. This
CTL approach was not possible previously because targeted gene
insertion in crop plants was inefficient before the advent of
CRISPR-Cas9 technology. Our results show that the CRISPR-
Cas9 system enables robust gene targeting via homology directed
repair (HDR) and can be used to establish trait gene landing sites
in maize elite inbred lines. We found that transgene expression
was consistent across the preselected sites and that inserted
transgenes had minimal effects on neighboring endogenous gene
expression. As expected, these sites can be genetically linked
through traditional crossing. CTLs enable efficient and flexible
production of maize hybrids with multiple transgenic traits.
Insertion of SSILP at these sites had no impact on yield.

RESULTS

Selection of Chromosomal Location for

Complex Trait Loci

We used four criteria to decide where to locate CTLs in the
maize genome: (1) regions with conserved haplotype within non-
stiff stalk (NSS) and stiff stalk (SS) germplasm pools; (2) regions
with low gene density that are not used in forward breeding;
(3) regions with high recombination frequency to minimize

the donor sequences around the CTL while introgressing the
region; (4) regions harboring existing commercially valuable
traits. Genomic sequences of >1,000 elite lines were scanned
using a 10-cM window to identify regions of 4-5 cM to serve as
CTLs. We selected four chromosomal regions to generate CTLs
in maize which we refer to as CTL1, 2, 3, and 4, respectively
(Figure 1). In the four CTLs, the DNA sequence was conserved
among 84, 44, 34, and 55% of the SS inbreds and among 56,
72, 73, and 84% of the NSS inbreds, respectively. The regions
had a gene density of 20, 21, 4 and 8 genes per cM and an
average ratio of physical-to-genetic distance of 0.4, 0.6, 0.2, and
0.2 Mb/cM, respectively, as estimated based on the maize B73
reference genome sequence v2. A stacked insect-resistant and
herbicide-tolerant maize event DP-004114-3 (Diehn et al., 2013)
resides at 53.5 cM on chromosome 1, which is within CTL1. CTL3
is in a telomeric region of Chr 3, which can facilitate TI with a
single crossover.

Selection of CRISPR-Cas9 Target Sites
Within CTLs

CRISPR-Cas9 was used to introduce trait genes into preselected
sites within each CTL. To minimize regulatory concerns and
product development costs, CRISPR-Cas9 target sites (CTS) were
selected based on the following criteria: (1) the target site is at
least 2 kb away from any known gene; (2) the CT'S DNA sequence
is unique in the genome and conserved among the targeted
inbred lines; (3) the genomic sequences of 200-500 bp flanking
the CTS are unique in the genome; and (4) spacing of the CTSs
within a CTL would accommodate genetic crossing to recombine
traits. A total of 30, 21, 13, and 12 CTSs were selected for CTL1,
CTL2, CTL3, and CTL4, respectively (Figure 1, Table 1, and
Supplementary Table S1). These sites spanned 4.18 cM (2.5
million base pairs, Mbp) at CTL1, 4.28 cM (3.2 Mbp) at CTL2,
2.35cM (0.6 Mbp) at CTL3, and 3.04 cM (0.7 Mbp) at CTL4. Most
of the target sites were 0.1-3 cM apart, suitable for both genetic
stacking and subsequent segregation as a single locus.

Targeting Site-Specific Insertion Landing
Pad to Preselected Sites Using
CRISPR-Cas9

Although trait genes can be inserted directly at the selected CTS
via HDR, efficiencies for CRISPR-Cas9-enabled gene insertion
are low (Svitashev et al., 2015; Endo et al., 2016; Shi et al.,
2017; Danilo et al., 2018; Hummel et al., 2018). Because many
constructs need to be screened and tested in the early stages of
product development, it is not practical to directly insert trait
gene cassettes on a large scale using HDR at present. Therefore,
we adopted a two-step strategy for trait gene insertion (Figure 2).
First, a SSILP about 3 kb in length was inserted into target sites
using CRISPR-Cas9. Trait gene cassettes were then integrated
into the SSILP via RMCE in a second transformation of the
characterized SSILP transgenic plants (Li et al., 2009; Anand
et al.,, 2019). RMCE utilizes the flippase (FLP) recombinase and
FLP recognition targets (FRT) to insert a gene in the target site,
and has been shown to be an efficient technique for site-specific
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FIGURE 1 | Chromosomal location of four Complex Trait Loci (CTL) in the maize genome. Red bars within each CTL represent preselected CRISPR targeting sites.

transgene insertion (Li et al., 2009; Ow, 2011; Srivastava and
Thomson, 2016; Anand et al., 2019).

To insert SSILPs at preselected sites, immature embryos
were co-bombarded with four DNA plasmids (Supplementary
Figure S1) containing: repair template, Streptococcus pyogenes
Cas9, guide RNA, and the maize morphogenic genes Baby boom
(Bbm) and WUSCHEL2 (Wus2) (Svitashev et al., 2015; Lowe et al.,
2016). The DNA repair template consisted of the SSILP flanked
by two DNA sequences of approximately 400-bp homologous
to the genomic sequences immediately adjacent to the CTS
(Figure 3A). Two unique sequences, PSA and PSB, flanking
the SSILP also were included to facilitate high-throughput PCR
screening (Figure 3A). The same SSILP sequence was used for
all target sites, but the homologous arms varied to match the
genomic sequences bordering each CTS. Approximately, 1,000
immature embryos per CTS were used for genotypes PH184C
and HC69 while 500 immature embryos were used for PHH5G
because it has a higher transformation frequency.

We used junction PCR assays to detect SSILP insertion in
TO plants regenerated from embryogenic calli. In this assay,
PCR amplification of the target region was coupled with nested
quantitative PCR (qPCR) to detect SSILPs (Figures 3A,B). Plants
positive for both 5" and 3’ junctions (hereafter referred to as
2 x HDR events) were further analyzed with overlapping long
PCR (Figures 3A,C). In PH184C, events with SSILP insertion
were identified for 28 out of 30 sites at CTL1, 19 out of 20 sites
at CTL2, 13 out of 13 sites at CTL3, and 10 out of 12 sites at CTL4
(Table 1 and Supplementary Table S1). Among the 28 sites at
CTL1, the insertion frequency varied from 0.3 to 7.1% (Table 1).
The site TS13 at CTL4 had the highest insertion frequency with
18% of the events positive for both junctions (Supplementary
Table S1). A selected subset of CTSs in CTL1 also were targeted
for SSILP insertion in the inbreds PHH5G and HC69. Positive
events were identified for all sites and the insertion frequency

was generally similar to that seen in PH184C. While most of the
2 x HDR TO plants had mono-allelic insertion at the CTS, we
found three events with bi-allelic insertion of SSILP at the CTS.

We identified some 2 x HDR TO plants that were free of
the helper genes (Cas9, gRNA, Bbm, and Wus2), indicating that
transient helper gene expression during transformation can be
sufficient to enable homologous gene targeting. However, most
of the 2 x HDR plants contained one or more copies of the
helper genes. To remove any helper DNA sequences and repair
template that might have randomly inserted into the genome, the
2 x HDR TO plants were crossed to recurrent parent (RP, the wild
type of the same inbred line as initially transformed) to produce
T1 seeds, and T1 plants were crossed to RP again to generate
T2 seeds. PCR assays were used to detect the presence of helper
genes. Out of the 89 CTSs with 2 x HDR events, we obtained
helper gene-free T1 plants for 67 sites (Table 2). The integrity of
inserted SSILPs at each CTS and the absence of the helper genes
and other plasmid DNA fragments in the genome were further
verified using Southern-by-Sequencing (SbS) analysis (Zastrow-
Hayes et al., 2015); perfect SSILPs at 57 CTS out of the 67 sites
were confirmed by SbS (Table 2).

Transgene Expression at CTL Sites

For useful transgenic trait development, genomic sites must be
able to support transgene expression. To assess the effect of
insertion site on transgene expression, protein expression levels
of the Neomycin phosphotransferase II (NPTII) gene in SSILPs
were measured. In the PH184C lines, the NPTII protein in leaves
averaged 38 ppm with relatively low variation among sites, either
within or across CTLs (Figure 4). Some, or perhaps all the
observed variation is not due to insertion site effect since similar
expression variation was observed among independent events
at a single site, such as TS10-el and TS10-e2 at 54.56 cM in
PHH5G. There are a small number of sites where gene expression
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TABLE 1 | CRISPR-Cas9 mediated insertion of SSILP in preselected sites at CTL1 in PH184C.

CRISPR Genetic Number of shoot Number of shoot Target site Number of shoot Number of shoot Number of shoot 2 x HDR
target site  location (cM) regenerated with target site  modification positive HDR1 positive HDR2  positive 2 x HDR  frequency
modified frequency
TS49 50.87 214 198 93% 2 4 3 1.4%
TS50 50.95 263 218 83% 4 8 8 3%
TS51 51.06 300 280 93% 4 5 " 3.7%
TS41 51.27 356 220 62% 7 7 11 3.1%
TS717 51.32 979 871 89% 25 13 59 6%
TS72 51.33 309 287 93% 7 4 7 2.3%
TS81 51.45 220 170 77% 3 6 6 2.7%
TS73 51.48 252 191 76% 1 4 7 2.8%
TS14 51.54 293 277 95% 4 3 2 0.7%
TS74 51.61 161 129 80% 1 4 1 0.6%
TS75 51.68 899 716 80% 4 6 15 2.6%
TS84* 51.68 366 273 75% 6 7 6 1.6%
TS76 51.69 264 198 75% 3 5 18 6.8%
TS7T7TM 51.72 666 502 75% 8 7 14 21%
TS78 51.75 329 188 57% 1 1 7 2.1%
TS19 51.95 217 17 8% 0 1 0 0%
TS85 51.95 217 168 77% 1 3 1 0.5%
TS86 52.54 216 183 85% 1 1 6 3.7%
TS8 52.56 217 205 95% 2 2 9 41%
TS43 52.8 179 140 78% 1 5 3 1.7%
TS11 53.15 177 174 98% 2 6 7 4%
TS47 53.21 200 171 86% 1 2 7 3.5%
TS80 53.23 336 330 98% 3 1 4 1.2%
TS52 53.25 222 151 68% 0 2 0 0%
TS87 53.57 302 298 99% 6 2 12 4%
TS88 53.59 370 193 52% 3 2 1 0.3%
TS45" 53.66 616 562 91% 16 10 36 5.8%
TS44 54.16 246 221 90% 0 9 3.7%
TS46 54.43 244 220 90% 7 5 2%
TS10 54.56 224 209 93% 4 4 4 1.8%

Mutation of target sites (TS) in the regenerated shoots was detected using a quantitative PCR (QPCR) assay. Insertion events with both the right and left junctions positive
(2 x HDR) were identified using nested junction PCR assays. *Two target sites at the same approximate genetic location, physically 6 kb apart from each other. "Data

from two rounds of transformation.

was different from the norm. For example, the SSILP at TS34
at CTL2 in two different genetic backgrounds expressed NPTII
approximately 33% higher than any of the other 15 sites tested
(Figure 4). Genetic background was found to have a greater
influence on the NPTII expression levels than genomic location.
For the sites at CTL1, the average NPTII protein content was
37, 69 and 83 ppm in PH184C, HC69, and PHH5G, respectively.
Similarly, the CTL2 sites in HC69 had a higher NPTII expression
than that in PH184C (Figure 4). Since all sites tested support high
level transgene expression and the position effect is smaller than
the genotype background effect, we believe that these SSILPs are
suitable for product development.

Effects of Site-Specific Insertion Landing
Pad Insertion on Expression of

Neighboring Endogenous Genes
One concern related to the random- or targeted-insertion of a
transgene in the plant genome is that the insert may affect the

expression of neighboring endogenous genes. As an attempt to
minimize interactions of SSILPs with nearby genes, we selected
target sites that were at least 2 kb away from endogenous genes.
To test if this distance is adequate, RNA sequencing was used
to analyze nine PH184C lines, including seven lines with SSILPs
inserted at CTL1 and two lines with insertions at CTL2. Because
the two CTLs are 175 cM apart, the CTL2 SSILP lines were
used as comparator to determine the effect of SSILP insertion
on nearby genes within the CTL1 region. In the vicinity of
the CTL1 target sites from 49.45 to 55.47 cM, there were 83
endogenous maize genes, of which 69 expressed in the leaf
tissues of PH184C (Supplementary Table S2). None of these
genes showed significant differential expression [absolute value
of log2 (fold change) <1; false discovery-corrected P > 0.05]
in pairwise comparisons between a CTL1 insertion line and the
control, except for one gene, Zm00001d027859. The transcript
level of this gene was reduced 67% in the line TS10 [log2
(fold change) = —1.61 and false discovery-corrected P = 0.049;
Figure 5]. However, this gene was not differentially expressed
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(CTS) via homology-directed repair. Lines containing the SSILP can be retransformed with a trait gene which is integrated to the SSILP via RMCE. The PRO in SSILP
serves as promoter trap for the selection marker in the trait gene vector. The selectable marker phosphomannose isomerase (PMI) can be removed via
CRE-mediated recombination if desired. FLP, flippase recombinase; FRT, flippase recognition target; loxP, side triangle, locus of X-over P1 site; PRO, promoter;

NTPII, neomycin phosphotransferase II; Chr, chromosome.

PMI

in the other six CTL1 insertion lines relative to the CTL2
comparator. Zm00001d027859 is located at the genetic position
54.58 cM, approximately 5 kb downstream of the SSILP insertion
site at 54.56 cM in the line TS10. This spatial proximity is likely
responsible for the observed reduction in expression. Overall,
these results indicate that the SSILPs generated in this study have
little impact on the expression of neighboring endogenous genes.

Integration of Trait Genes to

Site-Specific Insertion Landing Pads

Next, we evaluated whether the SSILP lines generated in this
study were competent for RMCE. Eleven CTL1 SSILP lines in
PH184C were used for trait gene insertion via FLP/FRT-mediated
RMCE (Table 3, Figure 2). A total of 326 donor constructs
were tested in seven SSILP lines using particle bombardment.
Putative TO RMCE plants were generated for most of the
constructs at the seven sites with an average of 4% recovery
(T0 plants/embryos used). Among T0 plants, ~45% were quality
events that had a single copy of the trait gene integrated into
the SSILP (Table 3). We also tested RMCE using Agrobacterium-
mediated transformation; the putative T0O RMCE recovery rate
ranged from 5.9 to 9.3% in four SSILP lines tested (Table 3).
These results indicate that all SSILP lines tested are capable of
high-efficiency RMCE.

Trait Stacking via Genetic

Recombination

To determine if trait genes inserted at SSILPs in two different
lines can be linked on the same chromosome through genetic
recombination, PH184C inbred lines containing a SSILP at

various sites in CTL1 were tested. Previously, we had generated
a transgenic PH184C line named M14, which carries the
phosphomannose isomerase (PMI) gene at 51.54 ¢cM on Chr
1 within CTL1. This line was crossed with homozygous plants
from 15 SSILPs (Table 4). The F1 progeny from each cross were
backcrossed to WT inbred PH184C. BC1 seeds were assayed
using qPCR to determine the presence or absence of the PMI
gene and the NPTII gene at the SSILP. Most progeny will have
either PMI or NPTII. However, a small number of progeny are
expected to have chromosomal crossover between the two genes,
and will have both PMI and NPTII or neither of them. The genetic
distance between the two genes was calculated based on the
recombination frequency (i.e., 1% recombinants is equal to 1 cM).
For 14 out of 15 crosses, the observed genetic distance between
M14 (PMI) and SSILP (NPTII) closely matched the predicted
genetic distance based on the B73 reference genome (Table 4).
For the cross of M14 with SSILP-TS72, no recombinants were
recovered from 1,400 BC1 seeds analyzed. The SSILP-TS72 is
located 0.17 ¢M from the PMI insertion site, the closest SSILP
among the 15 sites. A larger BC1 population may need to be
screened to identify recombinants for this SSILP. These results
demonstrate that the genes integrated into SSILPs in CTLI can
be stacked by genetic crossing.

Presence of Site-Specific Insertion
Landing Pad Has No Impact on Grain
Yield

To be useful for transgenic product development, CTL insertion
sites must be agronomically neutral. To evaluate the impact of
SSILP insertion at CRISPR target sites on plant productivity, we
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repair arm; PSA and PSB, unique sequences to facilitate high-throughput screening

and arrows indicate the direction of primers. (B) Screening of TO plants for insertion events with PCR and gPCR. The plants positive for both junctions are indicated
in red circles. (C) Image of agarose gel showing overlapping long PCR products for two SSILP insertion sites (TS47 and TS87). Lane a, PCR products amplified with
primers HR1f and PsbR; Lane b, PCR products amplified with primers PsaF and HR2r; Lane M, molecular-weight size markers. PCR products of the sample 1, 3, 5,

6, 9, and 12 have expected size.

for insertion events. HR1f, HR2r, PsaR, PsaF, PsbF, and PsbR are PCR primers

TABLE 2 | Insertion of SSILP in preselected target sites at four complex trait loci (CTL)

and recovery of clean plants free of genome-editing helper genes.

CTL Genotype Sites targeted Sites 2 x HDR Sites 2 x HDR T1 seed Sites 2 x HDR and null Sites 2 x HDR perfect and null
helpers (QPCR) helpers (SbS)
1 PH184C 36 34 24 19 15
1 HC69 6 6 6 6 3
1 PHH5G 24 24 18 17 17
2 PH184C 20 20 15 11 10
2 HC69 11 10 9 6 5
3 PH184C 13 13 9 4 3
4 PH184C 12 10 8 4 4

Thirty unique sites within CTL1 in the inbred line PH184C were targeted using donor vectors containing FRT1/87. Among those 30 sites, six also were targeted using the
donor vector carrying FRT1/6. A subset of 6 and 24 out of the 30 sites were targeted in HC69 and PHH5G, respectively. For CTL2, SSILP was inserted into 20 unique
sites in PH184C. Only 11 out of the 21 sites were targeted in HC69. 2 x HDR, both junctions PCR positive; SbS, Southern-by-Sequencing.

ran a multi-location hybrid field trial in the United States. In
this trial, lines were evaluated for grain yield and grain moisture.
Plant and ear height, and growing degree units required for
pollen shed and silking were also measured. SSILP lines at 14
CRISPR target sites in the PH184C background were used as
pollen donors (BC1F3 generation) to cross with three elite tester

lines to make hybrids hemizygous for the CTL transgenes. As
controls for each SSILP line, a null segregant at the BCIF2
generation was used to produce BCIF3 plants as pollen donors
for hybrid seed production. Three hybrids for the 14 SSILP lines
and corresponding nulls were planted at 12 locations. The yields
were similar among the 14 SSILP lines and no difference was
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FIGURE 4 | Protein expression of the NPTII gene targeted to preselected sites at CTLs. (A) NPTII protein content in leaves of 3-week-old plants was measured using
ELISA. The plants contain one copy of SSILP and were selected based on PCR genotyping results. One to two independent insertion events per target site were
analyzed. Error bars, SE; N = 8-32. A total of 33 lines were measured in the study. (B) NPTII protein content in leaves of 3-week-old BC1F2 and F2 PH184C or
HCB9 plants was quantified using ELISA. The plants contain one copy of SSILP and were selected based on PCR genotyping results. One event per target site was
analyzed. Error bars, SE; N = 7-17. A total of 16 lines were measured in the study.

observed between the hybrid with SSILP and it’s corresponding
null segregants (Figure 6). The trials demonstrated no yield
impact attributable to SSILP insertion in all 14 lines. Like yield,
other non-yield traits measured did not show a significant
difference between the SSILP hybrids and nulls.

DISCUSSION

To construct complex trait loci, we have used CRISPR-Cas9 to
generate many independent maize target lines, each containing

a single SSILP in one of four preselected genomic regions. DNA
sequence analyses confirmed precise insertion of SSILPs via HDR.
The NPTII gene in the SSILP functioned properly as evidenced
by resistance to G418, and we observed minimal variation in its
expression level among different insertion sites within a genotype
but significant difference between genotypes. Expression of
endogenous genes neighboring SSILP insertions was largely
unaffected. Trait genes were integrated into the SSILP with high
efficiency via RMCE. By crossing the SSILP lines with a pre-
established insertion event within the CTL1, we demonstrated
that SSILPs could be linked through genetic recombination.
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FIGURE 5 | Expression of Zm0001d027859 in PH184C lines with SSILP
inserted in the CTL1 region compared to that in the lines with insertion in
CTL2. RNA-sequencing was performed to determine gene expression in the
leaf tissues of 2-week-old seedlings. The transcript levels of the endogenous
genes in the vicinity of CTL1 target sites in seven lines were compared to the
CTL2 control. Contrasts are presented as log2 (fold change). Asterisk
indicates false discovery-corrected P < 0.05.

Complex trait loci have several desirable characteristics.
First, they enable high-quality assembly of products with
multiple traits by effectively creating a single genetic locus
for TI. Second, given the ease of crossing and screening
recombinants, traits can be added and removed as needed. Third,
because trait genes are inserted in well characterized locations,
many of the costs associated with testing novel construct-site
combinations are eliminated.

This CTL approach is different from previously reported
transgene stacking using RMCE (Ow, 2011; Nandy et al., 2015;
Srivastava and Thomson, 2016; Chen and Ow, 2017). CRISPR-
Cas-enabled gene targeting allows precise positioning of trait
genes within a small, preselected region on a chromosome.
In contrast, recombinase-mediated gene insertion is molecular

stacking, and relies on a randomly inserted site in the genome.
The resulting molecular linkage between two transgenes can’t
be broken easily in genetic crossing and the closeness of the
stacked transgenes raises concerns about expression interactions.
Although SSILP/recombinase were used to insert trait genes in
a two-step process, they are not essential components for a
CTL. A trait gene could be directly inserted into a preselected
site. within a CTL using CRISPR-Cas9. We used a two-step
process because it enables more efficient generation of transgenic
lines. By using a pre-established SSILP at preselected sites, many
constructs can be easily evaluated with a very small number of
events since those insertion sites are well-characterized.

A few insights into plant gene targeting via HDR and gene
expression were generated as part of our CTL construction
and characterization. This is the largest example to date
using CRISPR-Cas9 to promote homology-directed insertion
in maize. We recovered targeted insertion events in 93%
of tested sites (69 out of 74). As expected, no insertion
was obtained without efficient DNA cleavage, as shown in
TS19 at CTL1 (Table 1), TS77 at CTL2 and TS15 at
CTL4 (Supplementary Table S1). However, a high mutation
frequency did not always result in a high frequency of
insertion, for example TS52 at CTL1, TS62-HC69 at CTL2,
and TS5 at CTL4 (Table 1 and Supplementary Table S1).
Other studies have concluded that several factors, including
chromatin structure, DNA sequence of target sites and homology
arms can influence the efficiency of CRISPR-Cas9 and HDR
(Kuscu et al., 2014; Wu et al, 2014; Liu et al, 2016).
We did observe variation across different sites, but overall
the CRISPR-Cas system is robust, and we could obtain
HDR at most sites. Although CRISPR-Cas9 from S. pyogenes
(SpyCas9) was used successfully to insert a SSILP at numerous
preselected sites in this study, other CRISPR systems like
Casl2a (Cpfl), Cas9 orthologs from Streptococcus thermophilus
(SthCas9) and Staphylococcus aureus (SaCas9) could also be

TABLE 3 | Integration of trait gene to SSILP at CTL1 in PH184C.

SSILP location FRT Delivery method Number of constructs Transformation frequency RMCE?* ratio (percent) Quality event rate
(percent) (percent)
TS50 1/87 PB 326 3.9 38 1.5
TS71 1/87 PB 326 3.8 50 1.4
TS84 1/87 PB 326 3.2 42 1.1
TS76 1/87 PB 326 4.4 53 1.7
TS8 1/87 PB 326 4.3 48 1.8
TS43 1/87 PB 326 4.5 43 1.6
TS45 1/87 PB 326 3.7 45 1.5
TS77 1/6 Agro 74 7.8 58 4.6
TS8 1/6 Agro 74 9.3 52 4.9
TS45 1/6 Agro 74 5.9 55 3.2
TS10 1/6 Agro 74 8.4 53 4.4

Data are averages of 326 PB constructs or 74 Agro constructs. The frequency of transformation is the number of regenerated TO plants for each construct divided by the
number of embryos used in transformation. The RMCE ratio is the number of RMCE events divided by the number of TO plants analyzed with PCR. The quality event rate
is the number of RMCE events divided by the number of embryos used in transformation. SSILR, site-specific insertion landing pad; FRT, flippase (FLP)/FLP-recombinase
targets; PB, particle bombardment; Agro, Agrobacterium-mediated transformation. *RMCE events are characterized by (1) presence of single intact copy of the donor
genes (PMI, PAT, trait gene); (2) absence of the marker gene NPTII; (3) presence of FRT1 and FRT87 or FRT6 junctions; and (4) absence of unintended DNA sequence
insertion including that derived from vector backbone, Bbm, Wus2, and FLP gene.
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TABLE 4 | Genetic stacking of NPTII in SSILPs with PM/ at the chromosomal location 51.54 ¢cM within CTL1.

Target site Predicated genetic Predicated distance between Number of BC1 seeds Number of Observed genetic distance
position (cM) M14 and SSILP (cM) recombinants (CM)
TS50 50.95 0.55 2688 15 0.56
TS41 51.27 0.23 2016 5 0.25
TS71 51.32 0.18 2079 3 0.14
TS72 51.33 0.17 1481 0 0.00
TS84 51.68 0.18 1153 4 0.35
TS75 51.68 0.18 1932 7 0.36
TS76 51.69 0.19 1587 2 0.13
TS78 51.75 0.25 1001 4 0.40
TS86 52.54 1.04 1291 9 0.70
TS8 52.56 1.06 1748 15 0.86
TS43 52.80 1.3 3578 36 1.01
TS 53.15 1.65 1721 22 1.28
TS87 53.57 2.07 2261 53 2.34
TS45 53.66 2.16 1509 36 2.39
TS10 54.56 3.06 1913 55 2.88

Maize PH184C plants homozygous for the NPTII gene, which has been inserted in preselected target sites at CTL1 as part of the site-specific insertion landing pad
(SSILP), were crossed with the M14 line which contains the herbicide resistance gene PMI at the location 51.54 cM on Chromosome 1. The resulting F1 progenies were
crossed with the wild-type PH184C, producing BC1 seeds. Genotyping of BC1 seeds was performed with gPCR assays. Recombinants, seeds were positive for both

NPTII and PMI and null for both NPTII and PMI.

used for construction of CTLs in maize and other crops
(Steinert et al., 2015; Begemann et al., 2017; Tang et al., 2017), or
combined with SpyCas9 to increase target density.

To obtain a usable SSILP, HDR must take place at the target
site. In this study, we were able to obtain 2 x HDR events with
high frequency. We also found events with HDR occurring only
at one end of the SSILP insert while the other end likely was
repaired through NHE] because the junction PCR was negative.
These 1 x HDR events often had truncations, insertion of other
plasmid fragments or rearrangement of the template DNA. We
selected events for 2 x HDR and against 1 x HDR using
junction PCR, long PCR and sequencing, and the insert sequence
integrity of the selected 2 x HDR events was verified by SbS
analysis. The sites were mostly transformed once. Why some
sites were more efficient than other sites SSILP insertion requires
further study.

Four plasmids were co-bombarded to insert a SSILP to
CRISPR target sites. We adopted this strategy, instead of using an
all-in-one plasmid, because vectors containing one or two gene
expression cassettes are easy to construct and it allows changes
in components and plasmid ratio in transformation. Although
using individual plasmids may increase the possibility of random
plasmid insertion at different locations in the genome, this work
and previous studies have shown co-bombarded plasmids tend
to insert at the same location in the genome, especially when
the morphogenic genes are used in transformation (Gao et al.,
2020). We obtained helper-gene free plants for the majority of the
SSILP lines generated. The random insertion of co-bombarded
plasmids was not a significant limiting factor in populating CTLs
with SSILP.

Selected SSILP lines were tested for reception of trait genes
using many constructs. RMCE frequency with Agrobacterium-
mediated transformation was higher than that in bombardment.

These results likely are due to different FRT sites used in the site-
specific integration. In Agrobacterium-mediated transformation,
the SSILP and donor vectors had the FRT1/6 pair while the
FRT1/87 pair was used in the SSILP and donor in bombardment.
It has been reported that the FRT1/6 had a lower excision rate
than FRT1/87 when the FLP recombinase was present (Anand
et al,, 2019). There is a 1 nt difference between FRT1 and
FRT87 in the spacer region, but FRT1 and FRT6 differ by 3 nts.
FRT cross-reactivity was found to be negatively correlated with
RMCE frequency, and the relationship was more pronounced in
Agrobacterium-mediated transformation. The RMCE frequency
was not significantly different between FRT1/87 and FRT1/6
when using bombardment (Li et al., 2009; Anand et al., 2019).

We found that the plants containing SSILP had normal growth
and development in the greenhouse and in the field. The SSILP
insertion sites were preselected at least 2 kb away from any known
gene. RNA-seq analysis demonstrated that insertion of SSILP had
no significant effect on expression of nearby endogenous genes.
The SSILP plants were generated by back-crossing with wildtype
twice. Our work on CRISPR-waxy corn product development
(Gao et al., 2020) and several other studies using CRISPR-Cas9
has found very limited or no off-target cutting in plants (Tang
et al., 2018; Hahn and Nekrasov, 2019; Li et al., 2019; Young
etal., 2019). A few albino seedlings were found among the selfed
BCI1F2 plants in two events. However, this albino phenotype was
not caused by SSILP insertion, was seen in null segregants as
well, and is a common occurrence in maize genetics. We selected
SSILP from events without abnormal plants. Occasional off-type
plants also are seen in traditional genetic crosses or transgenic
regenerants; we observed nothing unusual in this CRISPR-Cas9
mediated gene insertion work. Importantly, yield test showed
that SSILPs were agronomically neutral when compared to
null segregants.
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Most sites supported similar level transgene expression within
an inbred line, a result that is consistent with earlier reports
(Chawla et al., 2006; Nanto et al., 2009; Betts et al., 2019). It has
been proposed that transgenic event recovery is dependent upon
the ability of the selectable marker or screenable marker to be
expressed. Because of this, events in regions of the genome where
silencing occur will not be recovered (Francis and Spiker, 2004).
While it is possible such repressive locations exist in the maize
genome, in this report most of the sites tested supported gene
expression, suggesting that at least in the chromosome regions
studied here, consistent transgene expression at preselected sites
is the norm. It is noteworthy that expression at identical sites
was significantly different across different genetic backgrounds,
PH184C < HC69 < PHH5G. Given the ability to target a
unique SSI landing pad at multiple genetically identical target
sites across different maize elite inbreds, this is the first report on
examining how differences in genetic background influence gene
expression without the linkage-related complications associated
with backcrossing.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Three Pioneer® inbred lines PH184C, HC69, and PHH5G
were used in these experiments. M14 is a transgenic PH184C
line generated via meganuclease mediated HDR, carrying the
selectable marker gene PMI. SSILP lines used in transformation
for trait gene integration were heterozygous plants from crossing
of homozygous BCI1F3 or later generations with wild type
PH184C. Embryo donor plants and transgenic plants were grown
in greenhouses as previously described (Shi et al., 2017).

CRISPR-Cas9 Target Sites Selection

The genetic and physical location of CTSs on chromosomes were
calculated based on marker prediction using the B73 reference
genome. The DNA sequences from the chromosomal region of
the four CTLs were scanned using proprietary bioinformatic
tools for unique sequence regions at least 2 kb away from any
native gene, then potential CTSs were identified by first locating
a suitable PAM for S. pyogenes Cas9, NGG and then extracting
the sequence between 17 and 24 bp 5 of the PAM for use as
the spacer in the sgRNA. The off-targeting cutting potential of
Cas9 based on the selected CTSs was evaluated by searching the
B73 reference genome and transformation inbred lines for closely
matching targets using Bowtie 2 and PSI-BLAST (Altschul et al.,
1997; Langmead and Salzberg, 2012). Only CTSs different from
other genomic locations by at least two mismatches in the target
site seed region were selected (1-10 bp 5’ of the PAM).

Plasmid Construction and Maize

Transformation

The single guide RNA gene consists of a maize U6 polymerase I1I
promoter, a CRISPR RNA, a trans-activating CRISPR RNA and
a terminator (Supplementary Figure S1). The Cas9 expression
cassette contains the maize UBIQUITIN1 promoter (UBI PRO),
S. pyogenes Cas9 endonuclease and potato protease inhibitor
II terminator (PINII). The Cas9 DNA sequence was maize
codon optimized and the potato ST-LSI intron and the nuclear
localization signals from the SV40 were added for appropriate
expression and nuclear targeting in maize, as previously
described (Svitashev et al., 2015). Constructs were assembled
using chemically synthesized DNA fragments with standard DNA
techniques. NPTII served as a transformation selection marker.
To improve regeneration of plants, morphogenic regulators Bbm
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(also known as ovule development protein 2 or ODP2) and
Wus2 were expressed under control of the maize UBI1 promoter
and In2-2 promoter, respectively (Supplementary Figure S1),
and the plasmids were constructed as described previously
(Lowe et al., 2016).

Embryos from PHH5G line used in SSILP insertion
contained a pre-integrated T-DNA of Bbm and Wus2 to
enhance transformation. Biolistic-mediated transformation
of maize immature embryos was performed as previously
described (Svitashev et al., 2015). Briefly, gold particles, 0.6 pm
in diameter, were washed with 100% ethanol and sterile
distilled water. The plasmid DNA purified with QIAprep Spin
Miniprep (Qiagen, Germany) and mixture of Cas9-gRNA/donor
template/BBM/WUS2 = 5/5/2.5/2.5 was precipitated on the
washed gold particles using a water-soluble cationic lipid
TransIT-2020 (Mirus). Fifty microliters of gold particles (water
solution of 10 mg/mL) and 1 wL of TransIT-2020 water solution
were added to the premixed DNA, mixed gently. DNA-coated
gold particles were then centrifuged at 8,000 g for 1 min. The
pellet was rinsed with 100 L of 100% ethanol and re-suspended
by a brief sonication. Immediately after sonication, DNA-coated
gold particles were loaded onto the center of a macro-carrier
(10 pL of each) and allowed to air dry. Immature embryos
9-11 days after pollination were bombarded using a PDS-1000
Helium Gun (Bio-Rad) with a rupture pressure of 425 psi.
Post-bombardment culture, selection, and plant regeneration
were carried out as described (Svitashev et al., 2015).

To integrate a trait gene to the SSILP, plasmids used in
Agrobacterium-mediated transformation contain six expression
cassettes: the trait gene and phosphinothricin acetyltransferase
(PAT) gene in the donor, the transformation selection marker
PMI (promoter-less), the transformation enhancer Bbm and
WUS2, and FLP recombinase for RMCE (Supplementary
Figure S2). The coding sequences, promoters and terminators
as well as FRT and loxP were PCR-amplified or chemically
synthesized, verified by DNA sequencing and assembled in a
Gateway-modified derivative of pSB11. The plasmids then were
co-integrated into the super binary pSB1 vector in Agrobacterium
tumefaciens strain LBA4404 by electroporation. Agrobacterium-
mediated transformation of maize immature embryos was
performed as described previously (Lowe et al, 2016). For
biolistic-mediated transformation, individual plasmids of
UBL:WUS2, UBL:BBM, and UBLFLP were co-delivered with the
donor plasmid containing PMI and the trait gene flanked by
FRT1 and FRT87 sites to immature embryos as described above.

DNA Extraction and Genotyping by PCR

Genomic DNA was extracted from leaves as described previously
(Shi et al,, 2017). A qPCR assay was used to estimate the copy
number of each CTS. Shoots with no modification contain two
copies of the wild-type CTS, shoots with CTS modification either
due to NHE] or SSILP insertion in one of the two homologous
chromosomes has one intact copy, while modification in both
chromosomes would reduce the copy number to zero. qPCR
was performed using Qiagen QuantiTect Multiplex PCR Master
Mix (Qiagen, Germany) primers and probe specific for each CTS
(Supplementary Table S3). Junction PCR assays were used to
detect SSILP insertion at each CTS. In this assay, to increase

screening throughput, PCR amplification of the target region was
coupled with a nested qPCR to detect SSILPs. PCR was performed
using 2x Extract-N-amp PCR Ready Mix (Cat# E3004, Sigma)
or 2x Phusion Flash High-fidelity PCR Master Mix (Cas#F548L,
Thermo Fisher Scientific). For nested PCR used in screening
SSILP insertion events, the first PCR was carried out in 5 pL
of reaction mixtures for 20 cycles. Fifteen pL of the reaction
mixture containing 2xTagMan Master Mix (LGC Cat# KBS-
1001-001) and primers then were added, and the second PCR
was performed using LightCycler 480 (Roche Life Science) for
30 cycles. Data were analyzed using the Endpoint Genotyping
Software (Roche Life Science). Long PCR was performed using
Extensor Master Mix (Cat# AB-0792, Thermo Fisher Scientific).
HRIf and HR2r primers which varied among CTS, primers
and probes are listed in Supplementary Table S3. To detect
trait gene integration at the SSILP via FLP mediated RMCE,
qPCR was performed (Supplementary Table S4). The qPCR for
identifying recombinants from crossing of M14 and the SSILP
lines was performed using Qiagen QuantiTect Multiplex PCR
Master Mix (Qiagen, Germany). Primers and probes are listed in
Supplementary Table S4.

Detection of Plasmid DNA in Plants

Presence of plasmid DNA in the genome of TO or T1 plants
was determined by qPCR and SbS. QPCR was performed
using Qiagen QuantiTect Multiplex PCR Master Mix (Qiagen,
Germany) with primers and probes listed in Supplementary
Table S4. SbS was performed as described by Zastrow-Hayes et al.
(2015). A capture-probe library was created to cover the four
plasmids used in transformation (Supplementary Figure S1).
Mumina whole-genome sequencing libraries were constructed
from DNA derived from plants. Hybridizations and sequencing
were carried out as described (Zastrow-Hayes et al., 2015).

Quantification of Neomycin
Phosphotransferase Il Proteins by ELISA

Plants were grown in greenhouse in 4 x 8 cell flats in
a randomized complete block design. Leaf punches were
taken from the third leaves of 3-week-old greenhouse grown
heterozygous plants. The leaf samples were ground in 500 L
PBST with two metal beads using a Geno/Grinder at 1,650 rpm
for 60 s followed by centrifugation at 4°C (3,889 g) for 10 min.
Total protein was quantified using the Bradford Protein Assay Kit
(Bio-Rad) per the manufacturer’s instructions. The NPTII protein
was measured using a polyclonal antibody-based sandwich
ELISA assay as previously described (Schmidt and Alarcon,
2011). The NPTII specific polyclonal antibody assay standard
curve was linear from 2 to 40 ng/mL. Samples were assayed
in duplicate with comparison of interpolations across varying
sample dilution. Controls (negative and known low and high
positive) were included on each assay plate. Results were reported
as parts per million based on total protein.

Endogenous Gene Expression Analysis
by RNA Sequencing

Plants were grown in greenhouse in 4 x 8 cell flats in a
randomized complete block design. Leaf samples for the SSILP
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lines and controls were taken from 2-week-old seedlings in four
biological replicates. Each biological replicate consists of 3-4
individual plants. Total RNAs were extracted using the Qiagen
RNeasy kit for total RNA isolation (Qiagen, Germantown, MD,
United States). Sequencing libraries from the resulting total
RNAs were prepared using the TruSeq mRNA-Seq kit according
to the manufacturer’s instructions (Illumina, San Diego, CA,
United States) and sequenced on the Illumina HiSeq 2500
system with Illumina TruSeq SBS version 3 reagents. Reads
were trimmed based on quality scores, filtered and mapped
to the PH184C reference transcripts using the aligner software
Bowtie2 v2.3.4.1 (Langmead and Salzberg, 2012). The PH184C
reference sequences were established using following steps: First,
the PH184C CTL1 scaffold was mapped to B73 RefGen v4.59
using Minimap v2.14-r883 to determine the general location of
CTL1 in the genome (Li, 2016; Jiao et al., 2017). Next, the B73
gene sequences from this region were extracted from RefGen
v4.59 and mapped to the PH184C CTL1 scaffold using GMAP
v2018-07-04 (Wu and Watanabe, 2005). Then the PH184C
mapped gene sequences on the CTLI scaffold, which could
be slightly different from the B73 sequences, were extracted
and served as the reference transcripts for RNA-seq analysis
(Portwood et al., 2019).

Statistical Analysis of RNA-Seq Data

RSEM v1.2.28 was used to estimate transcript abundance (Li
and Dewey, 2011). Initial exploratory analysis of the aligned
sequences showed high variability due to plant location in
the greenhouse, which contributed significantly to the overall
variability in the sequencing data. Spatial affects were captured
using surrogate variable analysis (svaseq package in R) (Leek,
2014). Using the DESeq2 package in R, differential analysis was
performed by first selecting likelihood-ratio test models to test for
overall significance of the SSILP site variable (Love et al., 2014).
The full model included the SSILP site information and surrogate
variables found in the surrogate variable analysis, while the
null model included only the surrogate variables to account for
spatial variability. The Wald test then was performed for pairwise
comparisons of each SSILP site against the CTL2 control. The
differential expression is defined as the false discovery-corrected
P < 0.05 and the absolute value of log2 (fold change) > 1.

Hybrid Seed Production and Yield Test

Regenerated TO plants containing a SSILP were backcrossed to
respective wild type inbred line for two successive generations
followed by selfing to develop BCIF2 seeds. Plants homozygous
for the SSILP or null segregant which did not contain the SSILP
were selfed to produce BC1F3 seeds. BC1F3 plants were planted
in the field, and individual plants were selected for uniformity.
Selected BC1F3 plants were crossed to three elite tester female
lines to produce hybrid seeds for yield testing. F1 hybrid seeds
were therefore either null or hemizygous for a SSILP.

Hybrid yield testing was conducted at 12 locations in the
United States. The experimental design was two-row plots nested
by tester and a set of SSILP lines and corresponding null
segregants as controls. Fertilizer was applied, and weeds and
pests were controlled according to local practices. Small plot

combines were used to collect grain mass and grain moisture
data. Grain yield was calculated by normalizing all entries to
15% moisture.

A mixed model framework was used to perform the
multi-location data analyses (Betts et al., 2019). Analysis was
implemented using ASReml (VSN International Ltd.), and the
values are best linear unbiased prediction (BLUP) (Gilmour et al.,
2009). The SSILP hybrids were compared to corresponding null-
segregant controls, and statistical differences were determined at
P < 0.05.
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Genome editing technology represented by CRISPR-Cas9 had been widely used
in many biological fields such as gene function analysis, gene therapy, and crop
improvement. However, in the face of the complexity of the eukaryotic genome,
the CRISPR-Cas9 genome editing tools have shown an unstable editing efficiency
with large variability at different target sites. It was important to further improve the
editing efficiency of the CRISPR-Cas9 system among the whole genome. In this studly,
based on the previous single transcription unit genome editing system (STU-SpCas9),
using the ubiquitin-associated domain (UBA) to enhance the stability of Cas9 protein,
we constructed three Cas9-UBA fusion systems (SpCas9-SD01, SpCas9-SD02, and
SpCas9-SD03). Four different target sites of rice OsPDS, OsDEP1 and OsROC5 genes
were chosen to evaluate the genome editing efficiency in rice protoplasts and stable
transformed rice plants. The results showed that the fusion of UBA domains did not
affect the cleavage mode of Cas9 protein, and effectively increase the editing efficiency
of STU-SpCas9 at the target sites. This new CRISPR-Cas9-UBA system provided a new
strategy and tool for improving the genome editing efficiency of CRISPR-Cas9 in plants.

Keywords: CRISPR-Cas9, UBA domain, rice, genome editing efficiency, high efficiency

INTRODUCTION

The CRISPR-Cas9 system has been the most widely used genome editing technology for gene
function analysis, gene therapy, and crop improvement in eukaryotic species because of its simple
construction, high efficiency, and low cost (Li et al., 2013; Nekrasov et al.,, 2013; Shan et al,,
2013; Liang et al., 2017; Lowder et al., 2018; Zhou et al., 2019). Numerous CRISPR-Cas9 tools
have been developed to achieve targeted mutagenesis, base editing, precise editing by homology-
directed repair (HDR) and transcriptional regulation in plants (Chen et al., 2019; Zhang et al.,
2019). However, the CRISPR-Cas9 system still has some shortcomings such as off-target effects,
ineffectiveness at some genomic sites, considerably variable editing efficiency, etc. The editing
frequencies (insertion/deletion, indel) at different target sites are quite variable. For example in
rice, the efficiency of some target sites was as high as 90-100%, while the others were less than 1%
(Liu et al., 2017, 2019; Ding et al., 2019; Mao et al., 2019). Therefore, it is desirable to develop an
ideal CRISPR-Cas9 system with sustained high activity at whole genome target sites.
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The CRISPR-Cas9 editing efficiency is mainly dependent
on two aspects: the genomic target sites and the CRISPR-
Cas9 system itself. There have been some studies to alter the
accessibility of genomic target site to improve editing efficiency
in vivo, such as the proxy-CRISPR, CRISPR-chrom and Cas9-
TV (Chen et al., 2017; Hille et al., 2018; Ding et al., 2019; Liu
et al., 2019). There also have been many attempts to enhance
the activity of CRISPR-Cas9 system to improve editing efficiency,
which included expanding Cas9 nucleases and their variants,
optimizing the structure of Cas9 for highly active protein, Cas9
codon optimization and improvement of sgRNA design, the dual
Pol II promoter systems for high transcription level of Cas9 and
sgRNAs, using strong promoters to enhance the transcription
level of Cas9 gene in the expression system, etc. (Fauser et al.,
2014; Cermak et al.,, 2015, 2017; Kleinstiver et al., 2015; Lowder
et al., 2016; Tang et al., 2016; Casini et al., 2018; Hu et al., 2018;
Chen et al,, 2019; Mao et al., 2019; Zhang et al., 2019; Zhong
et al.,, 2019). It is well known that the intracellular content of
proteins is not only related to the expression level, but also to the
degradation rate. Except for the traditional methods to improve
the expression level through the transcription and translation
of Cas9 protein, we consider whether there are other solutions
to improve the intracellular content of Cas9 protein, such as
inhibition of degradation.

Most proteins were degraded via the ubiquitin/26S
proteasome pathway, which involved the participation of a
large number of specific proteins and enzymes (Vierstra, 2009).
A class of UBA (ubiquitin-associated) domains has been found
in many proteins involved in protein degradation processes.
In general, the UBA domains contained about 45 amino acid
residues that were conserved from yeast to higher eukaryotes,
the most conserved residues were generally non-polar, indicating
that the UBA domain was unlikely to be directly involved in
phosphorylation or ubiquitination (Hofmann and Bucher, 1996;
Bertolaet et al., 2001). The yeast ubiquitin receptors Rad23,
Dsk2, and Ddil delivered polyubiquitylated protein substrates
to the proteasome for destruction. These receptors contained an
N-terminal ubiquitin-like (UBL) domain that was recognized by
the 26S proteasome and one or more C-terminal UBA domains
that bound to substrates. However, these receptor proteins
themselves escaped degradation and had long half-lives because
of their C-terminal UBA domains. The C-terminal UBA domain
of Rad23, Dsk2 and Ddil acted as an intrinsic stabilization signal
that protected these receptors from proteasomal degradation
by inhibiting multi-ubiquitin chain assemble or preventing the
generation of initiation sites for degradation, which are required
for proper engagement of the inherent unfolding machinery
of the proteasome (Chen et al., 2001; Raasi and Pickart, 2003;
Heessen et al., 2005; Raasi et al.,, 2005; Farmer et al., 2010;
Heinen et al., 2011).

A few UBA chimeric protein studies have identified that
the UBA domain can be used to enhance the stability of the
target protein, prolong its half-life, and successfully improve
the activity of the target protein. The UBA2 domain used to
increase the stability of a destabilized GFP reporter protein in
yeast (Heessen et al., 2005). The UBA1l and UBA2 domains
of Arabidopsis ubiquitin receptor protein RAD23a functioned

as a portable stable signal that extends the half-life of two
unstable transcription factors HFR1 and PIF3 in Arabidopsis
(Jang et al, 2012). The UBA domain of Arabidopsis DDI1
protein also increased the half-life of the unstable protein JAZ10.1
associated with jasmonic acid signaling (Jang et al., 2012). Based
on these results, we have hypothesized that fusion modification
of Cas9 protein with UBA domain might also increase the
half-life of Cas9 protein and enhance Cas9 activity. Therefore,
we tested this concept by fusing the Cas9 protein with three
different Arabidopsis UBA domains (UBA1, UBA2, and UBA3)
and developing the novel Cas9-UBA editing systems based on
our previous reported STU-Cas9 system (Tang et al., 2016, 2019).
The new Cas9-UBA genome editing systems effectively enhanced
the activity of Cas9 protein and improve the editing efficiency
of multiple target sites of OsPDS, OsDEP1, and OsROC5
genes in rice. These new systems can significantly improve the
editing efficiency of target gene sites, and provides an alternative
method for plant gene targeted mutagenesis and crop genome
editing breeding.

RESULTS

All Three Cas9-UBA Fusion Proteins Can

Play Editing Activities in Rice Protoplasts

To investigate whether Cas9 proteins fused with different UBA
stable domains (SD) had editing activities, the three Cas9-UBA
systems were used and compared to the STU-Cas9 (pGEL028)
system (Figure 1A). With these four Cas9 systems (SpCas9,
SpCas9-SD01, SpCas9-SD02, SpCas9-SD03), we targeted four
sites (OsPDS-sgRNAO1, OsPDS-sgRNA02, OsDEP1-sgRNA02,
and OsROC5-sgRNAO1, Figure 1B) in the rice genome. The
resulting 16 constructs were used for transient transformation of
rice protoplasts (Supplementary Table S2). All four Cas9 systems
showed significant mutagenesis in four target sites resulting from
error-prone NHE], as revealed by restriction fragment length
polymorphism (RFLP) analysis (Figure 1C). The frequency of
mutation was measured by high-throughput deep sequencing of
PCR amplicons as a sum of insertion and deletions at the target
sites. Mutation frequencies induced by the four Cas9 systems
ranged from 20 to 30% across the four targets (Figure 2A).
The STU-SpCas9 and three SpCas9-SD systems showed similar
editing efficiencies and no significant differences were observed.
This indicated that the fusion of different UBA SD domains does
not affect the nuclease digestion activity of the Cas9 protein.
The further analysis of NHE] mutations in all samples showed
no significant differences in the deletions profiles at target sites
in the different Cas9-SD systems. Most of mutations produced
by the four Cas9 systems were deletions, and the most frequent
deletion positions were at 3 to 5 bp upstream of the PAM site
(Figure 2B, Supplementary Figure S1A). The deletion majority
ranged from 1 to 3 bp in size, and 1 bp deletions were the
most predominant deletion type (Figure 2C, Supplementary
Figure S1B). These results indicated that the fusion of the UBA
domain does not influence the cleavage mode of Cas9 protein,
and they were completely consistent with our previous report that
the NHE] repair outcomes are largely dictated by the sequence
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FIGURE 1 | Comparison of three Cas9-UBA systems for rice genome editing. (A) Schematics of three Cas9-UBA expression systems: SpCas9-SDO01 system,
SpCas9-SD02 system, and STU- SpCas9-SDO3 system. (B) Schematic diagram of genomic regions and four target sites of OsPDS, OsDEP1 and OsROC5 genes
by STU-SpCas9 and three SpCas9-SD systems in rice. The PAM motif (NGG) is shown in red. (C) Mutagenesis as measured by loss of restriction enzyme sites due

composition of the target sites but not the expression systems
(Tang et al., 2016, 2019).

Evaluation of STU-SpCas9 and Three
SpCas9-SD Systems in Rice Transgenic

Plants

We further compared the editing efficiency of STU-SpCas9
and three SpCas9-SD systems with different UBA SD domains
in stable transgenic rice plants. Eight constructs, respectively,
targeting two rice genes (OsPDS-sgRNAO1 and OsDEP1-
sgRNA02) were transformed into rice calli mediated by
Agrobacterium. Analysis of individual TO transgenic plants
from independent calli revealed that the two target sites had
high efficiency mutation (Table 1). For OsPDS-sgRNAO1 site
constructs, more than 15 transgenic plants were obtained
for RFLP analysis and genotyping with Sanger sequencing
(Figure 3A, Supplementary Figure S2A). With the control STU-
SpCas9 system, 12 out of 16 (75.0%) TO plants were mutated and
9 plants (56.3%) carried bi-allelic mutations. For SpCas9-SD01
system, 12 out of 15 (80.0%) were mutated and 11 plants (73.3%)
carried bi-allelic mutations. For SpCas9-SD02 system, 16 out of
18 (88.9%) were mutated of 13 plants (72.2%) carried biallelic

mutations. For SpCas9-SD03 system, 14 out of 16 (87.5%) were
mutated and 14 plants (87.5%) carried biallelic mutations. The
albino phenotype among all biallelic mutants was observed since
the OsPDS gene knockout (Figure 3C). The mutation rate and
bi-allelic mutation efficiency of all three SpCas9-SD systems were
higher than those of the STU-SpCas9 system. It suggested that
UBA SD domains improved the editing efficiency of Cas9.

RFLP analysis and genotyping results similar to above were
also observed in OsDEP1-sgRNAO2 site constructs (Figure 3B,
Supplementary Figure S2B). For the STU-SpCas9 control
system, 11 out of 16 (68.8%) TO plants were mutated and 8 plants
(50.0%) carried bi-allelic mutations. For SpCas9-SDO01 system, 14
out of 17 (82.4%) were mutated and 6 plants (35.3%) carried bi-
allelic mutations. For SpCas9-SD02 system, 15 out of 17 (88.2%)
were mutated of six plants (35.3%) carried biallelic mutations.
For SpCas9-SD03 system, 15 out of 18 (83.3%) were mutated
and 11 plants (61.1%) carried biallelic mutations (Table 1).
Knockout of OsDEPI results in semi-dwarf, panicle erectness,
a reduced panicle length, an increased number of grains per
panicle and a consequent increase in grain yield (Huang et al.,
2009; Zhou et al., 2009). We compared the trait measures
such as plant height, panicle length, grain number per panicle,
1000-grain weight, the grain length and width in the wildtype
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FIGURE 2 | High-throughput sequencing analysis of three Cas9-UBA systems in rice cells. (A) Comparison of mutation frequencies of four STU-SpCas9 systems at
four different target sites. (B) Comparison of positional deletion frequencies at OsPDS-sgRNAO1 and OsDEP1-sgRNAO2 target sites. The PAM sites are highlighted
in red. (C) Comparison of deletion of different sizes at OsPDS-sgRNAO1 and OsDEP1-sgRNAO2 target sites. Each plant represents the same target site, while each
column represents the same SpCas9 expression strategy. Error bars represent standard deviations of three biological replicates (n = 3).
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TABLE 1 | Mutation rates of four Cas9 systems with OsPDS-sgRNAQO1 and OsDEP1-sgRNAO2 in rice transgenic plants.

Constructs Targeted locus Tested TO plants* Mutated TO plants (number; ratio*) Biallelic mutation plants (number; ratio**)
SpCas9 OsPDS-sgRNAO1 16 12;75.0% 9; 56.3%
SpCas9_SDO1 15 12; 80.0% 11;73.3%
SpCas9-SD02 18 16; 88.9% 13, 72.2%
SpCas9_SD03 16 14; 87.5% 14;87.5%
SpCas9 OsDEP1-sgRNA02 16 11; 68.8% 8; 50.0%
SpCas9_SDO1 17 14; 82.4% 6; 35.3%
SpCas9-SD02 17 15; 88.2% 6; 35.3%
SpCas9_SD03 18 15; 83.3% 11;61.1%

*All the tested TO plants were transgenic positive plants confirmed by PCR. **Mutation rates in stable transgenic TO plants. Each plant was genotyped by Sanger

sequencing of PCR amplicons.

and all four Cas9 systems. All typical DEPI loss-of-function
traits were observed in all biallelic mutants of the four Cas9
systems (Figure 3D, Supplementary Figure S3). But there was no
significant difference among the phenotype of the STU-SpCas9
system and three STU-SpCas9 systems. These results indicated
that the STU-SpCas9 systems are more efficient and robust
than the STU-SpCas9 system for targeted mutagenesis in stable
tranformation rice. Hence, the results from stable transgenic
plants are consistent with those from rice protoplasts.

DISCUSSION

At present, CRISPR-Cas9-based genome editing has become the
most widely used tool in various organisms. Numerous CRISPR-
Cas9 tools and platforms have been developed, including the
expanded nucleases and their variants, expression systems for
multiplexing, precise genome editing with HDR or base editing,
epigenome editing and transcriptome regulation (Liang et al.,
2017; Lowder et al., 2018; Chen et al., 2019; Mao et al., 2019;
Zhang et al., 2019; Zhou et al,, 2019). Most of studies focus
on increasing the editing efficiency of CRISPR-Cas9 system,
especially the precise editing efficiency; expanding the genomic
target ranges, achieving the sustained whole-genome editing;
reducing off-target effect and improving specificity (Chen et al,,
2019; Mao et al, 2019; Zhang et al, 2019). As mentioned
before, improving the genome editing efficiency of CRISPR-Cas9
is mainly from two aspects: improving CRISPR-Cas9 system
activity and improving the accessibility of genomic target sites.
It is well known that protein expression level can be increased
by enhancing the transcription and translation. Many previous
studies are about how to increasing the expression level of Cas9
in cells. In this study we attempt to improve the genome editing
efficiency of Cas9 from another perspective. The cleavage activity
of Cas9 protein is closely related to its intracellular content, and
the intracellular content of each protein is precisely regulated
by cell. The balance of protein content is not only related to
the expression level (input), but also to the degradation of the
protein (output). It could be an effective strategy to increase
the intracellular protein content by regulating the “input” and
“output” of a protein at the same time. Most previous reports
only focus on increasing Cas9 protein expression level (increasing
input), but ignore the inhibition of Cas9 protein degradation

(reducing output). Therefore, we consider to further enhance the
stability of Cas9 protein and extend its half-life while maintaining
high-level expression of Cas9 protein. This could increase the
intracellular content of Cas9 protein, and improve the genome
editing efficiency of Cas9 efficiently, stably and indiscriminately
in the whole genome.

In a previous report, we demonstrated three promising STU-
Cas9 systems for high-efficient plant genome editing, which
were based on ribozyme, Csy4 and tRNA, respectively (Tang
et al., 2016, 2019). STU-Cas9-RZ, STU-Cas9-Csy4, and STU-
Cas9-tRNA systems all had similar editing efficiency in single and
multiple gene target sites. Therefore, in this study, we constructed
three STU-SpCas9-UBA systems (SpCas9-SD01, SpCas9-SD02,
and SpCas9-SD03) based on STU-Cas9-RZ system to ensure
the high-level expression of Cas9 protein (increased input).
The UBA domain is a motif of about 40 amino acids, which
competitively inhibited the degradation of the proteasome by
binding to a substrate polyubiquitin chain (Raasi and Pickart,
2003; Raasi et al., 2005). The chimeric GFP reporter protein fused
with the UBA domain at the C-terminus showed a significant
increase in fluorescence levels in yeast (Heessen et al., 2005).
A previous study in Arabidopsis showed that fusion of UBAI,
UBAZ2, and UBA from AtRAD23a and AtDDI1 with endogenous
transcription factors HFR1, PIF3 and intracellular jasmonic acid
signaling protein JAZ10.1 significantly enhanced the stability of
these proteins, and enhanced the functions of these proteins
correspondingly (Jang et al., 2012). Therefore, we had chimeric
three UBA domains to Cas9 protein separately to construct
SpCas9-SD01, SpCas9-SD02, and SpCas9-SD03 fusion protein to
enhance the stability of Cas9 and reduce its degradation at the
same time (reduced output).

The original DNA sequences of UBA1, UBA2, and UBA
domains were fused to Cas9 protein, respectively. The cleavage
activity and genome editing efficiency of three fusion Cas9
proteins at four target sites were inspected in rice protoplasts.
The results showed that the Cas9 proteins fused with the three
original UBA domain sequences not only did not improve the
genome editing efficiency of Cas9 protein, but decreased the
editing activity at most of the target sites (data not shown).
Considering the differences between rice and Arabidopsis, the
rice gene expression system and protein degradation system
were different from those of Arabidopsis. We had codon-
optimized all three UBA domains (SD01, SD02, and SDO03)
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FIGURE 3 | Evaluation of three Cas9-UBA systems editing frequency with rice stable transformation. (A) RFLP analysis of independent TO plants of
OsPDS-sgRNAO1 site in different SpCas9-SD systems. (B) RFLP analysis of independent TO plants of OsDEP1-sgRNAO2 site in different SpCas9-SD systems.
(C) Phenotype of wild type and targeted mutagenesis plants in different SpCas9-SD systems at the OsPDS-sgRNAO1 target site. (D) Phenotype of wild type and
targeted mutagenesis plants in different SpCas9-SD systems at the OsDEP1-sgRNAO2 target site.

according to the preference of rice codon usage. Three SpCas9-
SD systems fused with codon-optimized SD domains showed
similar cleavage activity in rice protoplast, which indicated that
codon optimization was an effective method. The subsequent
rice stable transformation results also showed that the codon-
optimized SD domains successfully improved the genome editing
efficiency of Cas9 protein at two endogenous gene target
sites. Moreover, compared with SpCas9-SD01 and SpCas9-SD03,

SpCas9-SD02 significantly improved the genome editing more
efficiently at all target sites. This was consistent with previous
reports that UBA2 has better stability and can more effectively
extend protein half-life (Jang et al., 2012).

The UBA domain was a small motif that did not affect the
function of chimeric proteins when increase the stability of
targeted proteins. In our study, in addition to improving the
editing efficiency, the C-terminal fused UBA domain did not
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affect the cleavage function of Cas9 protein. Three endogenous
genes OsPDS, OsDEPI1, and OsROCS5 related to rice albino,
semi-dwarf and panicle erectness, and curling leaf phenotype
were selected. Genotyping analysis according to high-thought
sequencing and Sanger sequencing in protoplasts and stable
transformed plants showed that the cleavage mode of three
SpCas9-SD systems were consistent with STU-Cas9 control in all
four target sites. Almost all cleavages occurred 3, 4 nt near the
PAM, and 1 bp indel mutation was the most common mutation
type (Figure 2, Supplementary Figure S2). Our previous work
revealed that the editing mode was not related to the expression
system, mainly related to the characteristics around the target site
(Tang et al,, 2016, 2019), which was consistent in this study. On
the other hand, phenotyping analysis of mutant plants in OsPDS-
sgRNAO1 and OsDEP1-sgRNA02 showed that three SpCas9-
SD systems were not different from the STU-Cas9 control. At
OsPDS-sgRNAO1, all the mutant plants obtained through four
Cas9 systems showed albino phenotype. And the phenotype of
mutant plants at OsDEP1-sgRNA02 were semi-dwarf, panicle
erectness, consistent with previous reports (Huang et al., 2009;
Zhou et al., 2009). The fusion of UBA domain improved the
editing efficiency of CRISPR-Cas9 system, which was generally
considered to lead to the increase of off-target effect. However,
in plant species, a large-scale whole genome sequencing was
performed to detect cleavage of off-target sites by Cas9 nuclease
in stably transgenic Arabidopsis, rice and cotton, revealing that
Cas9 activity was highly specific with very low-level off-targeting.
And that potential low-level off-target effects could be avoided by
designing highly specific sgRNA, or be excluded by outcrossing
to different varieties which is typical during commercial seed
multiplication (Feng et al., 2014; Li et al., 2018; Tang et al., 2018;
Chen et al,, 2019). Thus, whether the SpCas9-SD systems will
result in potential very low-level oft-target should be considered
and evaluated in follow-up study and agricultural application.

MATERIALS AND METHODS
Plant Materials and Growth Condition

Oryza sativa L. japonica cultivar Nipponbare was used in this
study. Plants were grown in soil in growth chambers at 28°C
and 60% relative humidity under a long-day setting (16 h under
the light and 8 h in the dark). For protoplast preparation,
the sterilized seeds were placed in the 1/2 MS solid medium
for 11 days in a dark chamber at 28°C. For the rice stable
transformation, the sterilized seeds were placed in the N6-
D solid medium to induce the callus for 7 days under light
at 32°C.

Construction of the Vectors

According to the UBA1 and UBA2 amino acid sequences of
Arabidopsis AtRAD23a gene (GenBank: AT1G16190) and
the UBA amino acid sequence of AtDDI1 gene (GenBank:
AT3G13235), UBA-SD01, UBA-SD02, and UBA-SDO03
DNA fragments were synthesized by rice codon preference
optimization (Figure 1A and Supplementary Table S1).

We used Cas9 expression backbone vector pGEL028
(ZmUbil-Cas9-NLS-polyA-RZ site-ccdB-gRNA-RZ) (Tang et al.,
2016, 2019) for this study. To make CRISPR-Cas9-UBA gene
edit system backbone vector pGEL113, pGEL115, pGEL116, the
three Cas9-UBA fusion cassettes, SpCas9-SD01, SpCas9-SD02,
SpCas9-SD03 were cloned into pGEL028 using fusion PCR
and ligase, all primers are listed in Supplementary Table S1.
For pGELI113 construction, DNA fragments 1 was obtained
from PCR products using primers pTX72-Cas9-F UBAI-A
from template pGEL028, DNA fragments 2 was obtained
from PCR products using primers UBA1-B and UBAI-C
from UBA1 domain,and DNA fragments 3 was obtained from
PCR products using primers UBA1-D and pTX72-ccdB-R
template pGEL028, respectively. Fragments 1 and 2 were
fused to make fragment 3 using primers pTX72-Cas9-F and
pTX72-ccdB-R to get fragment 4. Finally, fragment 4 was
cut by Bsal and then cloned into Bsal-digested pGEL028.
The pGELI115, pGELI116 vectors were obtained through
a similar method.

Four endogenous genes target site, OsPDS-sgRNAO01, OsPDS-
sgRNA02, OsDEP1-sgRNA02, and OsROC5-sgRNAO1 were
selected to construct expression vectors based on pGEL113,
pGEL115, pGEL116 and pGEL028, respectively. sgRNAs were
synthesized as duplexed oligonucleotides (Supplementary
Table S1). Oligos were annealed and cloned into Bsal linearized
backbone vectors. All the vectors used in this study were provided
as Supplementary Table S2.

Rice Protoplast Transformation and
Agrobacteria-Mediated Transformation

Rice protoplast transformation was performed as described
previously (Zhang et al, 2013; Tang et al, 2016; Zhong
et al., 2018, 2019), Each protoplast transformation experiment
was performed in three biological replicates. Rice stable
transformation was carried out as previously published protocol
(Zheng et al., 2016; Zhong et al., 2018; Tang et al, 2019;
Zhou et al., 2019).

Detection of Targeted Gene Mutations

Restriction fragment length polymorphism (RFLP) and single-
strand conformational polymorphism (SSCP) methods were
used for mutation detection and analysis in protoplasts and
TO transgenic plants (Tang et al., 2016; Zheng et al.,, 2016).
The genomic DNA was used for PCR with KOD FX DNA
polymerase (TOYOBO) using primers OsPDS-F1/R1 for the
OsPDS-sgRNAO1 target site, primers OsPDS-F2/R2 for the
OsPDS-sgRNAQ2 target site, OsDEP1-F/R for the OsDEP1-
sgRNAO02 target site, OSROC5-F/R for the OsROC5-sgRNA01
target site. OsPDS-sgRNAO1 target site PCR amplicons were
digested with PstI, OsPDS-sgRNAO02 target site PCR amplicons
were digested with HindIII, OsDEP1-sgRNAO02 target site PCR
amplicons were digested with Hhal and OsROC5-sgRNAO1
target site PCR amplicons were digested with Eam11051. Editing
in regenerated mutation TO plants was confirmed by Sanger
sequencing of PCR amplicons. The genotyping and the mutation
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ratio comparison in stable transgenic TO plants were all based
on sequencing results. All primers and restriction enzymes were
listed in Supplementary Table S1.

High-Throughput Sequencing Analysis
High-throughput sequencing analysis was carried out as
published previously for detection and quantification of
mutations for the protoplast DNA (Tang et al., 2017; Zhong
et al, 2018). Genome regions of targeted sites were PCR-
amplified using primers listed in Supplementary Table S1.
Purified DNA samples were quantified and were sequenced using
Mlumina Hiseq 2,500 platform. Data processing was analyzed
by CRISPRMatch (You et al., 2018). The mean averages and
standard deviations of three biologically independent replicates
were calculated.

Measurement of Rice Yield Related Traits
The T1 generations originated from T0 mutation plants were
used to test agronomic traits. The rice yield-related traits were
measured according to previous method (Zhou et al.,, 2019).
Three individual plants were used for data collection for each
genotype. Each sample was tested for three times. The data were
analyzed by Excel and SPSS.13 for calculation and significant
differences analysis.
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Basmati rice is famous around the world for its flavor, aroma, and long grain. Its demand
is increasing worldwide, especially in Asia. However, its production is threatened by
various problems faced in the fields, resulting in major crop losses. One of the major
problems is bacterial blight caused by Xanthomonas oryzae pv. oryzae (Xoo). Xoo hijacks
the host machinery by activating the susceptibility genes (OsSWEET family genes), using
its endogenous transcription activator like effectors (TALESs). TALEs have effector binding
elements (EBEs) in the promoter region of the OsSWEET genes. Out of six well-known
TALEs found to have EBEs in Clade Ill SWEET genes, four are present in OsSWEET 14
gene’s promoter region. Thus, targeting the promoter of OsSWEET 14 is very important
for creating broad-spectrum resistance. To engineer resistance against bacterial blight,
we established CRISPR-Cas9 mediated genome editing in Super Basmati rice by
targeting 4 EBEs present in the promoter of OsSWEET14. We were able to obtain four
different Super Basmati lines (SB-E1, SB-E2, SB-ES3, and SB-E4) having edited EBEs
of three TALEs (AvrXa7, PthXo3, and TalF). The edited lines were then evaluated in
triplicate for resistance against bacterial blight by choosing one of the locally isolated
virulent Xoo strains with AvrXa7 and infecting Super Basmati. The lines with deletions in
EBE of AvrXa7 showed resistance against the Xoo strain. Thus, it was confirmed that
edited EBEs provide resistance against their respective TALEs present in Xoo strains. In
this study up to 9% editing efficiency was obtained. Our findings showed that CRISPR-
Cas9 can be harnessed to generate resistance against bacterial blight in indigenous
varieties, against locally prevalent Xoo strains.

Keywords: genome editing, CRISPR-Cas9, rice improvement, bacterial blight, Xanthomonas oryzae
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INTRODUCTION

In plants, different genome editing strategies have been exploited
including zinc finger nucleases, transcription activator-like
effector nucleases (TALEs), and clustered regularly interspaced
short palindromic repeats (CRISPR) and CRISPR associated
(Cas) nucleases. Among these tools, the RNA guided CRISPR-
Cas9 system has become the method of choice for genome editing
because of its simplicity, ease of performing, and versatility.
This system exploits the complementary base pairing mechanism
of DNA to guide site-specific Cas9 endonuclease to the target
site. The guide RNA (gRNA) screens the template, recognizes
the specific complementary target sequence, and signals to Cas9
to introduce a double stranded break (DSB) at the target site.
A triplet of nucleotides (NGG) at the 3’ end of the target site,
also known as protospacer-associated motif (PAM), is essential
for Cas9 to introduce a double stranded break (DSB) 3 bp
upstream of the PAM sequence. These DSBs are repaired either
via imprecise non-homologous end joining (NHE]) or template
directed precise homology directed repair (HDR) (Barrangou
et al., 2007; Cong et al, 2013; Mali et al., 2013; Hsu et al,
2014; Wright et al., 2016). Until today, this technology has been
successfully used to engineer resistance against various pathogens
and for agronomic trait enhancement.

Rice is a staple food crop which belongs to the family Poaceae,
genus Oryza. It has been cultivated for more than 10,000 years
and is the second most commonly cultivated cereal in the world
(Sasaki, 2001; Pazuki and Sohani, 2013). For Asian countries,
it contributes 50-80% of daily calories and serves more than
90% of the population (Khush, 2005; Zeigler and Barclay, 2008).
Among different varieties of rice, Basmati rice is famous around
the globe for its flavor, aroma, and long grain. Due to food
insecurity, rice demand is increasing every day (Shobarani et al.,
2010). However, Basmati rice production is threatened by various
problems in the field resulting in major crop losses. One of the
grave problems is bacterial blight caused by Xanthomonas oryzae
pv. Oryzae (Xoo). It is the most destructive and deadly bacterial
disease and can cause up to 75% crop loss. Xoo hijacks the host
machinery by activating the susceptibility genes (SWEET family
genes), using its endogenous transcription activator like effectors
(TALE). TALEs have their effector binding elements (EBEs) in the
promoter region of OsSWEET genes. These effectors divert sugars
from the plant cell to fulfill the pathogen’s nutritional needs
(Chenetal., 2012). Most of the geographically distinct Xoo strains
target OsSWEET 14, which encodes the sucrose-efflux transporter
family (Chen et al., 2010). There are six known TALEs which
target promoter regions of OsSSWEET genes, and the EBEs for
four different TALEs, PthXo03, AvrXa7, TalC, and TalF (previously
known as Tal5) are present in OsSWEET14 (Antony et al., 2010;
Yuetal, 2011; Streubel etal., 2013; Oliva et al., 2019) (Figure 1A).

Rice has been used extensively as a model for performing
genome editing studies via CRISPR-Cas9 due to its diploid nature
(Jiang etal., 2013; Hu et al., 2016; Abe et al., 2018). There are some
prior studies where genome editing has been done to develop
resistance against bacterial blight using different genome editing
platforms including CRISPR-Cas9 (Blanvillain-Baufumé et al.,
2017; Oliva et al., 2019; Xu et al., 2019). Customization of the

CRISPR-Cas9 tool offers an avenue to target and mutate TALE
binding elements in the promoter region of OsSSWEET14 to resist
the spread of bacterial blight (Jiang et al., 2013). Different types
of natural mutations have been reported in OsSWEET14 genes
in different rice cultivars which provide immunity against Xoo
strains (Hutin et al., 2015b). However, no natural mutations have
been reported in Super Basmati rice (Zaka et al., 2018). Here, we
have employed CRISPR-Cas9 technology to engineer resistance
against bacterial blight in Super Basmati rice for the first time
by targeting the promoter region of the OsSWEETI14 gene
(Figure 1B).

MATERIALS AND METHODS

gRNAs Design and Construct
Development

The genome sequence of Super Basmati rice was not available
in nucleotide databases. To know the exact sequence of the
OsSWEET14 gene promoter and to design gRNAs, different
primer sets (OsP-F: 5 ATTGGCACTTTCTGTCATGCATG 3’
and OsP-R: 5 GCAAGATCTTGATTAACTAGCTAGC 3') were
first designed on the OsSWEET14 gene promoter based on the
sequences of other rice varieties available in the database. The
genomic DNA of Super Basmati rice was extracted using the
cetyl trimethylammonium bromide (CTAB) method (Stewart,
1993) followed by polymerase chain reaction (PCR). An amplicon
of 457 bp in length was cloned into a pTZ57 R/T (Thermo
Fisher Scientific, United States) vector and sent for sequencing.
All gRNAs were designed manually to target their respective
EBEs (Table 1). The overhangs of GGCA and AAAC were
added a 5" end of forward and reverse gRNA respectively for
cloning at the Bsal site (Table 2). The gRNAs were screened
for potential off-targets using the online tool Cas-OFFinder'.
Analysis revealed that there were no off-targets. The gRNAs were
synthesized, annealed, and cloned at the Bsal site in pRGEB32
(Addgene plasmid # 63142) under the rice U3 promoter (Xie
et al., 2015). The pRGEB32 already has rice codon optimized
Cas9 expressed under the Ubi promoter. The constructs with
the Cas9 gene and gRNA cassette (shown in Figure 2) were
confirmed by PCR and restriction followed by Sanger sequencing.
The Cas9 gene was confirmed by PCR using specific primers
(Cas9-F 5° AGCATCGGCCTGGACATCGGC 3’ and Cas9 R-
5 CCGGAACTTGATCATGTGGG 3’). The full length Cas9
was also confirmed in constructs using primer set 3-full Ca9
(Supplementary Table S1).

Plant Material

Super Basmati (Pakistan’s indigenous rice variety) was used to
establish genome editing against bacterial blight. The rice variety
IR24 was used as a susceptible control. Rice seeds were obtained
from DNA Markers and the Applied Genomics Lab of National
Institute for Biotechnology and Genetic Engineering (NIBGE),
Faisalabad, Pakistan. The seeds were manually de-husked, and
surface sterilized with 70% ethanol followed by dipping in 50%

'http://www.rgenome.net/cas-offinder/
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FIGURE 1 | (A) Schematic figure of the promoter showing EBEs location on the promoter against which three gRNAs were designed. gRNA1 was designed to
target PthXo3 and AvrXa7, gRNA2 for TalC and gRNARS targeted TalF. (B) Schematic figure of developing resistance by editing the OsSWEET14 gene. The intact
promoter was susceptible to Xoo whereas the EBE edited promoter can be resistant to Xoo.

(v/v) commercial bleach (having 5.25% sodium hypochlorite).
After washing with distilled water, seeds were placed on MS
media (Murashige and Skoog, 1962) supplemented with vitamins
and 2,4-Dichlorophenoxyacetic acid (2,4-D) for callus formation.

Rice Transformation and Growth

Conditions

The 28 days old embryogenic calli were selected and placed on
an osmotic medium with 0.25 M mannitol. The constructs with
gRNA and Cas9 were confirmed again and coated on 1 pm gold
particles (Bio-Rad, United States) for biolistic transformation.
The rice calli were transformed through bombardment by a gene
gun (PDS-1000/Bio-Rad, United States) following optimized
protocol for biolistic transformation of Super Basmati rice
(Mukhtar and Hasnain, 2018). For each gRNA approximately
4,000 calli were transformed. The transformed calli were placed

at 28-30°C for 24 h in a dark room under sterile conditions.
After 24 h, the transformed calli were shifted to the selection
medium with 50 mg/L hygromycin. After 15 days they were again
shifted to fresh selection medium. After completing 30 days on
the selection medium, the surviving calli were shifted to pre-
regeneration and then to regeneration media. The regenerated
plantlets were shifted to rooting media. After the development
of roots, they were transferred to soil and kept in the greenhouse
under controlled conditions. After 15 days the plants were shifted
to large pots and allowed to grow to maturity and the seeds
were then harvested.

Confirmation of Transgenic Rice

To confirm the presence of Cas9 and gRNA cassette, DNA
was extracted from all plants that were developed through
tissue culture, using the CTAB method (Stewart, 1993). The
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TABLE 1 | Sequences of EBEs present in the OSSWEET 14 promoter region.

TALE EBE Sequence References
AvrXa7 ATAAACCCCCTCCAACCAGGTGCTAA Antony et al., 2010
PthXo3 ATATAAACCCCCTCCAACCAGGTGCTAAG  Antony et al., 2010
TalF TAAGCTCATCAAGCCTTCA Streubel et al., 2013
TalC CATGCATGTCAGCAGCTGGTCAT Yu et al., 2011

TABLE 2 | Sequences of gRNAs to target EBEs of the OsSWEET 14
promoter region.

gRNA Sequence Target
OsPgRNA1  F: 5'-GGCA G ATATAAACCCCCTCCAACC-3' AvrXa7, PthXo3
R: 5’-AAAC GGTTGGAGGGGGTTTATAT C-3
OsPgRNA2  F: 5'-GGCA GGGCATGCATGTCAGCAGC-3 TalC
R: 5-AAAC GCTGCTGACATGCATGCCC-3
OsPgRNA3  F: 5'-GGCA G TGAGTTTGCTTTGCTTGAA-3 TalF (Previously

R: 5’-AAAC TTCAAGCAAAGCAAACTCA C-3' Tal5)

Red bases show the overhangs added to make gRNAs compatible for
cloning in pPRGEB32.

construct was confirmed by PCR using forward primer at vector
backbone (OsPRGEB32 F 5 GGTGCTACCAGCAAATGC
TGGAAGCCG3') and reverse primer designed on gRNA
(OsPgRNA1-R:  5-AAACGGTTGGAGGGGGTTTATATC-3',
OsPgRNA2-R: 5-AAAC GCTGCTGACATGCATGCCC-3’ and
OsPgRNA3-R: 5'-AAAC TTCAAGCAAAGCAAACTCAC-3' for
gRNA 1, 2, and 3 constructs, respectively). The 273 bp amplicon
confirmed the presence of construct (Supplementary Figure S2).
Gene specific primers were used to confirm the presence of Cas9
(Table 1- primer set 2 (partial Cas9) and 3 (full Cas9). Promoter
fragments of the OsSWEET14 gene were amplified using primers
(Supplementary Table S1- primer set 1) from all the plants and
PCR products were sent for Sanger sequencing.

T7 Endonuclease Assay

For the T7 endonuclease assay, the genomic DNA was extracted
from T plants and the flanking target region was amplified using
primer set 1 (Supplementary Table S1- OsP-F and OsP-R) to
amplify the promoter (Supplementary Table S1). The purified
PCR amplicons were denatured and renatured then subjected to
T7 endonuclease I (NEB, M0302) following the manufacturer’s
instructions. The products were resolved on 2% agarose gel and
then stained with ethidium bromide.

Screening Against Bacterial Blight

Resistance

The screening of edited lines against bacterial blight was
performed under containment glasshouse conditions. The 1st
round of screening was performed on T¢ plants. Two plants
from each line were selected for inoculation. T; seeds were
then collected from primary transformants. Seeds from each
line were sown in separate pots containing soil (Excluding SB-
El because seed filling was disturbed for this line). When the
plants reached the three leaf stage, they were arranged in different
batches for screening against bacterial blight. The experiment
was conducted in three batches. There were six pots in each

batch. Each pot had three plants of wild type Super Basmati,
SB-E2, SB-E3, SB-E4, IR-4 (susceptible check), and a negative
control. So, the edited plants were arranged along with their
negative, susceptible, and wild type controls. There were three
pots for each line, so a total of nine plants were inoculated for
each line. The wild type Super Basmati has no editing, and the
IR-24 line is susceptible to almost all kinds of Xoo strains, and
was therefore used as a susceptible control. The negative control
is the plant for which scissors were dipped in distilled water,
without any Xoo strain, to check the lesion length introduced
due to scissor injury. All of these lines were screened for bacterial
blight resistance using a local virulent Xoo strain. This strain was
selected on the basis that one of the four EBEs of OsSWEET14
is AvrXa7 which was present in the strain. The inoculum was
prepared as described by Tu et al. (2000). All the lines were
maintained in a uniform environment in the glasshouse at 30°C
and 85% relative humidity. For leaf clip inoculation, 45 days
old plants were used. For each plant three to four leaves were
uniformly inoculated with scissors dipped in bacterial suspension
(Kauffman, 1973). At 14 days post-inoculation (dpi) the plants
responses were observed and data was recorded by measuring the
full length of the leaf and lesion length in centimeters (cm). The
percentage disease leaf area (%DLA) was then calculated using
the below formula.

% DLA (cm) = [Lesion Length (cm)/
Full leaf length (cm)]* 100

RNA Extraction, cDNA Synthesis and
RT-gPCR

The 30 days old rice seedlings were inoculated with scissors
dipped in Xoo suspension. The total RNA was extracted
after 24 h post-inoculation (hpi) from rice leaves using
TRIzol reagent following the manufacturer’s instructions
(Invitrogen, United States). The isolated RNA was treated with
DNasel as per the manufacturer’s instructions (Thermo Fisher
Scientific, United States). The complementary DNA (cDNA)
was synthesized from RNA using a RevertAid first strand
cDNA synthesis kit (Thermo Fisher Scientific, United States)
following instructions given by the manufacturer. The induction
of OsSWEET14 by Xoo was determined in wild type as well as
in edited plants by RT-qPCR. The OsSWEET14 transcripts were
amplified using OsSWEETI14-specific primers OsSWEET14-
RT-F/OsSWEET14-RT-R (Supplementary Table S1). A volume
of 25 pL reaction mixture was made using 12.5 pL SYBR
Green Real-Time PCR Master Mix (Thermo Fisher Scientific,
United States), 0.1 pmole of forward and reverse primers,
2.5 pL ¢cDNA (~25 ng), and 9.5 pL water. The conditions
were optimized and finally the reaction was performed using
a Bio-Rad iQ5 thermal cycler (Bio-Rad, United States). The
expression of sucrose phosphate synthase (SPS) was used as an
internal control and was amplified using primers SPS-F/SPS-R
(Supplementary Table S1). The quantification results were
analyzed using the 272AACt method (Livak and Schmittgen,
2001). Each reaction was performed in triplicate.
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LB

gRNA

gRNA Scaffold

FIGURE 2 | Schematic diagram of the construct used for genome editing. All three gRNAs were cloned in the same way. The construct was expressing gRNA under
the OsU3 promoter. The rice codon-optimized Cas9 was expressing under the Ubi promoter.

Phenotyping

The plants were observed visually during growth. After
harvesting the seeds from edited plants, the germination of the
seeds was checked. The seeds were dehusked, sterilized and
placed in six-well plates in water and the rate of germination was
recorded. This was done for all the lines except SB-E1 because we
were unable to obtain seeds from this line. The root and shoot
lengths were measured by growing three to four seeds from each
line vertically on square plates with !/~ MS media (no sucrose
was added). After 1 week, the root and shoot lengths were again
measured and compared with the wild type.

RESULTS

Development of Constructs

The sequence of the OsSWEET14 gene promoter was amplified
using the primer set OsP-F/OsP-R (Supplementary Table S1).
This primer set was designed on the sequences of other rice
varieties available in the database. Upon amplification a PCR,
a product of 457 bp, was amplified which was cloned and
sequenced. The sequenced region of the OsSWEET14 promoter
from Super Basmati rice was submitted to Genbank and
is available online under Accession No. MK791135.1. Three
different gRNAs (Table 2) were designed to target EBEs (Table 1)
of AvrXa7, PthXo3, TalF, and TalC in the promoter region. Due
to overlapping EBEs for AvrXa7 and PthXo3, the first gRNA
(gRNA1) was designed to target both EBEs simultaneously.
Similarly, gRNA2 and gRNA3 were designed to target TalC and
TalF, EBEs, respectively.

The constructs containing the Cas9 gene and gRNA cassette
were initially confirmed by PCR. Gene specific primers were used
to confirm the Cas9 gene with an amplicon length of 490 bp
(Supplementary Figure S3A). In the final constructs, full-length
Cas9 (4100 bp) was confirmed (Supplementary Figure S3B).
The gRNA cassette was confirmed using the forward primer
(OsPRGEB32 F GGTGCTACCAGCAAATGCTGGAAGCCG)
and reverse primer of the respective gRNA (Table 2). The
273 bp product confirmed the presence of gRNA along with its
scaffold in the pRGEB32 vector (Supplementary Figure S1A).
The presence of gRNAs in constructs was also confirmed by
restriction analysis. gRNA insertion in pRGEB32 results in
disruption of the Bsal site. Due to this disruption, restriction
with Bsal and HindlIl enzymes did not release 400 bp fragments
in positive clones. Thus, the absence of 400 bp confirmed
that all the gRNAs were successfully cloned (Supplementary
Figures S1B,C). Finally, all constructs were confirmed by Sanger
sequencing (Supplementary Figure S1D).

Transgenic Plants Development

The process of transgenic plant development and screening
against bacterial blight is shown in Supplementary
Figures S4B,C. Cas9 expressing transgenic rice lines were
developed under the Ubi promoter. All the three gRNAs
(designated as gRNA1, gRNA2, and gRNA3) were expressed
under rice U3 promoter in a pRGEB32 vector with rice codon-
optimized Cas9. A total of 48 transgenic lines were obtained
for gRNA1, 35 lines for gRNA2, and 51 lines for gRNA3.
Both edited and wild type lines were maintained at 30°C in a
containment glasshouse.

Mutation Detection

To determine whether CRISPR-Cas9 was able to cleave and
generate DSBs at the target site and repaired it via NHE],
total genomic DNA was isolated using the CTAB method.
Target regions were amplified using PCR and subjected
to T7 Endonuclease I (T7EI) mutation detection analysis
which degrades single-stranded regions of non-complementarity
resulting from indels; these regions are then detected by
sequencing. The 457 bp target region from T was digested with
T7E1 and the expected bands (200 and 250 bp approximately)
were observed in all five edited lines (Figure 3C). The wild type
plants did not show these bands and thus confirmed editing in
five lines. Moreover, to further confirm the editing, a 457 bp
promoter fragment of the OsSWEET14 gene from all transgenic
plants was sent for Sanger sequencing. We were successful in
obtaining two transgenic lines with a mutated promoter fragment
for gRNA1 (targeting AvrXa7 and PthXo3). Out of these two
lines, one line had 24 bp deletion while the second line showed
4 bp deletion at the target site (Figure 3A). We were unable
to obtain transgenic lines for gRNA2. All those lines that were
edited with gRNA2 had intact EBE of TalC. Out of 51 transgenic
lines for gRNA3, we were able to obtain three lines with 4, 5,
and 18 bp deletions at the target site. Thus, in two of the three
lines (having 4 and 18 bp deletions), we successfully disrupted
the EBE of TalF. In the third line, 5 bp deletion was not able to
disrupt the EBE of TalF (Figure 3B). These results showed that
CRISPR-Cas9 was able to do editing at the target site while no
such activity was observed in the control plants. The nature of
mutations was also observed in edited lines. We obtained only
one biallelic mutation in SB-E1 while the rest of the mutations
were mono-allelic (Supplementary Table S2). However, the edits
were transmitted successfully to their progeny.

Bacterial Blight Resistance Assays
The edited lines were challenged with a prevalent Xoo strain
via the leaf clip inoculation method. The strain has AvrXa7
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FIGURE 3 | (A) Sanger sequencing of AvrXa7 and PthXo3 EBE edited plants. The plants were named as SB-WT (Super Basmati wild type), SB-E1 (Super Basmati
edited 1) and SB-E2 (Super Basmati edited 2). Green colored bases AGG represents the PAM sequence and red dashes symbolize the deletion at the target site.
SB-E1 and SB-E2 have 24 and 4 bp deletion at the target site, respectively. (B) Sanger sequencing of TalF EBE edited plants. The plants were named SB-WT
(Super Basmati wild type), SB-E3 (Super Basmati edited 3), SB-E4 (Super Basmati edited 4), and SB-E5 (Super Basmati edited 5). SB-E3 and SB-E4 have 18 and
4 bp deletion at the target site, respectively, disrupting TalF EBE, whereas SB-E5 had 5 bp deletion at the target site but TalF EBE remained intact. (C) T7
Endonuclease assay of Tq edited and wild type plants. Red arrows showed the bands from edited plants that are absent in wild type plants (E1 = SB-E1,

E2 = SB-E2, E3 = SB-ES, E4 = SB-E4, E5 = SB-E5, W1 and W2 = Wild Type Super Basmati). (D) Lesions induced by Xoo after 14 days post-inoculation on edited
and control plants. SB-E1 and SB-E2 has reduced lesion length as compared to control plants. Negative = Plant was inoculated with scissors dipped in water. All
the other lines were inoculated with scissors dipped in Xoo suspension. (E) Average of Percentage disease leaf area (% DLA) of the edited and control plants. The
lowest DLA 10.12% was observed in the case of SB-E1 plants where 24 bp deletion was detected. The highest DLA 88.47% was present in IR-24 which was used

as a susceptible check.

TALE. The presence of AvrXa7 was not only confirmed by induce OsSWEETI4. Therefore, this strain was selected for
sequencing but the same strain was screened against a rice inoculating edited lines. The wild type Super Basmati rice was
cultivar (IRBB7) which showed resistance against this strain. used as the control and IR24 (IRRI Line) as a susceptible
IRBB7 has Xa7 gene, which provides resistance against Xoo check. All the inoculated lines were kept at 30°C in a
isolates with TALE AvrXa7 (Yang et al, 2000). This strain greenhouse with 85% humidity. Two plants from the control
was tested to induce the OsSWEETI4 gene. It was able to and Ty edited lines, whereas nine plants from control and
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T; edited lines were inoculated. The percentage disease leaf
area (%DLA) for three inoculated leaves from each plant was
calculated (Figure 3E and Supplementary Tables S3, S4). After
14 days post-inoculation, plants were observed for bacterial
blight infection. There were significant differences in the rate
of infection among edited and control lines. The disease area
among edited and control lines were compared in terms of
%DLA covered by infection. In AvrXa7/PthXo3 edited lines,
the incidence of infection was very low as compared to the
wild type Super Basmati and IR24 lines (Figure 3D). The
lowest DLA (10.12%) covered by infection was seen in the
case of Super Basmati edited line 1 (SB-E1) in which 24 bp
deletion in overlapping EBEs of AvrXa7 and PthXo3 occurred.
The other variant, SB-E2, showed 14.4% DLA, which was
also lower than the control plants. SB-E3 and SB-E4, with
disrupted TalF EBE and intact AvrXa7/PthXo3 EBE, showed
40 and 41% DLA, respectively, when inoculated with the
same strain (possessing only AvrXa7). 48 and 88% disease
incidence were observed for wild type Super Basmati and IR24,
respectively. This confirmed our hypothesis that editing EBEs in
the promoter of the OsSWEET genes provides resistance against
corresponding TALEs.

Relative OsSWEET14 Induction by Xoo

Strain

Xoo strains encode different TALEs to activate endogenous
SWEET genes for a successful infection. The OsSWEET14
activation by the Xoo strain in wild type Super Basmati Rice and
edited lines were determined using real-time quantitative PCR.
Expression of OsSWEET14 was induced by inoculating both wild
type and edited lines by the Xoo strain. Five lines [(1) Non-
inoculated wild type Super Basmati, (2) Inoculated wild type
Super Basmati, (3) Inoculated edited line SB-E2, (4) Inoculated
SB-E3, and (5) Inoculated SB-E4] were selected to compare
OsSWEET14 activation by Xoo. Upon infiltration with the Xoo
strain, the expression of OsSWEET14 was considerably high in
WT-SB as compared to non-inoculated WT-SB (Figure 4). The
edited line (SB-E2) carrying a mutation for AvrXa7, showed very
low expression of OsSWEET14. Whereas in the SB-E3 and SB-
E4 lines (carrying edited TalF but intact AvrXa7), the strain was
still able to induce OsSWEET14. This clearly indicates that the
Xoo strain was able to induce OsSWEET14 expression to establish
successful infection in Super Basmati rice. In addition, the
induction of OsSWEET14 expression in SB-E3 and SB-E4 edited
lines clearly showed that the Xoo strain contained AvrXa7 TALE
to infect Super Basmati rice. As SB-E2 edited line has mutated
EBE for AvrXa7 and the strain was unable to induce OsSWEET14
expression. As a result, relative expression of OsSWEET14 was
significantly lower in the SB-E2 edited line as compared to other
inoculated lines.

Phenotyping

The plants were carefully observed for any phenotypic changes.
All the edited plants showed a normal phenotype and were fertile
just like the wild type plants. The harvested seeds also showed a
normal phenotype. The germination was checked for seeds from

Relative expression
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FIGURE 4 | OsSWEET14 Induction by Xoo strain: Relative mRNA levels
(Z‘MCt) of OsSWEET 14 in leaves of wild type and edited rice lines were
compared. gRT-PCR was conducted in wild type Super Basmati and edited
lines (SB-E2, SB-E3, SB-E4). Samples were harvested after 24 h of
Inoculation with a locally virulent Xoo strain (mean + s.e.m., n = 3 leaf samples
from biological replicates) with expression normalized to rice SPS levels;
repeated independently three times with comparable results.

‘\_Yi." ‘\ﬁl,*/‘

SB-E2 SB-E3

Wild type

FIGURE 5 | Root length and shoot length of wild type and edited plants.
Edited plants show normal root and shoot length just like wild type plants (two
representative plants are shown in figure out of three).

all the edited lines (Except SB-E1) and seeds showed normal
germination (Supplementary Figure S5). The shoot and root
lengths were also normal for the edited lines (Figure 5).

DISCUSSION

In a global scenario, bacterial blight is a destructive disease of
rice, and in Asia specifically, it severely damages crop yield.
Traditionally, various approaches have been used to develop
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resistance in rice cultivars which include the introgression of
resistance genes (R genes), host-derived resistance, and loss
of susceptibility through mutation in recessive R genes (Dou
and Zhou, 2012; Kim et al, 2015; Busungu et al, 2016; Li
et al., 2019). Despite the effectiveness of R genes, the constant
introduction of R-genes in rice breeding programs may result
in the emergence of new Xoo strains, which can overcome R
gene-mediated resistance (Ji et al,, 2016). With the advent of
new technologies like genome editing, various strategies have
been employed, e.g., TALENs and CRISPR-Cas9 to develop
disease resistance (Khan et al, 2014). Here in this study we
used CRISPR-Cas9 technology to develop disease resistance
in Basmati rice.

One approach which can be used to remove disease
predisposition is to mutate the susceptible portion of the genome
(Iyer-Pascuzzi and McCouch, 2007; Hutin et al., 2015a; Kourelis
and van der Hoorn, 2018; Zaidi et al., 2018). The idea to mutate
the bacterial blight susceptible region of the rice genome sparked
from the presence of three naturally occurring recessive R genes,
ie., xal3, xa25, and xa4l (t). These are mutated alleles of
OsSWEET11, OsSWEET13, and OsSWEET14, respectively, which
offers resistance against their respective TALEs present in the
Xoo strain (Chu et al, 2006; Yang et al., 2006; Yuan et al.,
2009; Hutin et al., 2015b). It has been reported that Xa41(t)
(having 18 bp deletion) offers broad-spectrum resistance against
a large collection of Xoo strains (Hutin et al., 2015b). Recently
it was reported that some Xoo strains still cause infection in rice
despite R genes (Carpenter et al., 2018; Doucouré et al,, 2018).
These failures have prompted plant genome engineers to develop
resistance against this rapidly evolving pathogen by mutating
susceptibility genes. TALENs have been employed in the past, but
extensive protein engineering makes developing broad-spectrum
immunity against bacterial blight difficult (Li et al., 2012). The
prokaryotic immune system (CRISPR-Cas9) was customized and
used for editing susceptibility genes in rice (Jiang et al., 2013).
In the current study this customized tool was used for editing
the OsSSWEET14 gene’s promoter of Basmati, to obtain resistance
against bacterial blight.

Basmati rice is famous for its long grain and aroma and
none of the natural mutations are reported in OsSWEETI14 for
Super Basmati rice. For the OsSWEETI13 gene, one deletion
and substitutions are naturally present in the promoter which
disrupts all the EBE variants of PthXo2 TALE, i.e., PthXo2A,
PthXo02B, and PthXo2C (Zaka et al., 2018; Oliva et al., 2019). It
was reported that in the majority of cases, Xoo strains induce
the expression of OsSWETT14 for the onset of infection because
it has the EBEs of four different TALEs. OsSWEETI4 was
targeted previously as a single target as well as in combination
with other OsSWEET genes to create broad-spectrum resistance
in different rice cultivars (Blanvillain-Baufumé et al., 2017;
Oliva et al, 2019; Xu et al, 2019). They have developed
different lines with edited EBEs of the OsSWEETI4 gene’s
promoter. Each EBE edited line provided resistance against
specific TALE. In the present study, the OsSWEETI4 gene’s
promoter was selected to modify the respective EBEs of
four TALEs via CRISPR-Cas9. We have successfully mutated
EBEs of three TALEs (AvrXa7, PthXo3, and TalF). The edited

rice lines (SB-E1, SB-E2, SB-E3, and SB-E4) have modified
alleles of OsSWEETI14. Among these four edited lines, SB-
El and SB-E2 did not respond to AvrXa7/PthXo3 to establish
a successful infection. The new germplasm created in this
way showed resistance against a locally virulent Xoo strain.
These results indicated that CRISPR-Cas9 technology can also
be employed on Basmati rice to create resistance against
bacterial blight.

Blanvillain-Baufumé et al. (2017) created the allele library of
OsSWEET14 for developing resistance against bacterial blight.
The OsSWEET14 gene’s promoter was targeted using TALENS,
and they observed 51% editing efficiency. In the current study
the EBEs of the OsSWEETI14 gene’s promoter were targeted
using CRISPR-Cas9 and we were able to obtain only 9% editing
efficiency. All the editing events were in close proximity to the
predicted cleavage site by Cas9 which is three base pairs upstream
of the PAM sequence. This indicates the specificity of this
editing system. However, we observed low editing efficiency as
compared to the previous report of editing the OsSWEET14 gene’s
promoter. The reason for low editing efficiency could be the
difference in the editing tool (TALENS) and rice variety as they
have used a non-Basmati background. The editing efficiency can
be improved by using Cas9 fusion with chromatin-modulating
peptides (CMPs), derived from high mobility group proteins.
This fusion exhibited many folds improved activity (Ding et al.,
2019). Thus, such type of improved systems can be tested in
elite varieties, like Super Basmati, to check improvement in
editing efficiency. Blanvillain-Baufumé et al. (2017) obtained
mixed events (insertion/deletion) at the target sites including the
insertion of 22 bp and deletions of up-to 51 bp, whereas another
study by Jiang et al. (2013) reported only deletions at the target
site. In our case, we were only able to obtain deletions at the target
sites, because the repairing of DSB (introduced by CRISPR-Cas9)
was done through a random NHE] process. Therefore, obtaining
deletions, insertions, or point mutations at the target site is solely
dependent on the host repair machinery.

The diversity of TALEs present in different Xoo strains was
studied previously by analyzing Xoo genome sequence data. Most
of the Asian strains had AvrXa7 (OsSWEETI14) and PthXo2
(SWEET13) (Oliva et al.,, 2019). Sequencing data of the most
prevalent Xoo strain infecting Basmati showed that this strain
had AvrXa7 for infecting Basmati. The induction of OsSWEET14
was also checked by the tested Xoo strain and RT-qPCR results
confirmed OsSWEET14 induction by the tested Xoo strain. So,
targeting the promoter of OsSWEETI14 in Super Basmati is very
effective in generating broad-spectrum resistance. However, this
strategy can be modified depending on the TALEs present in
Xoo strains and their respective EBEs in rice cultivars. More
work is still required, however, in order to deal with bacterial
blight by characterizing maximum Xoo isolates. Some Xoo
TALEs also target OsSSWEET13 and OsSWEETI11 for the onset
of infection. But the isolates which we have characterized were
mostly targeting OsSWEET14, which agrees with studies reported
by Blanvillain-Baufumé et al. (2017).

In a previous report it was shown that Asian Xoo strains did
not have TalF (Oliva et al., 2019). Our study also supports their
finding because our locally isolated strain did also not possess
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TalF. The selected Xoo strain was inoculated on all the edited
lines and disease development was recorded. The symptoms
were reduced on AvrXa7 edited lines. When TalF-edited lines
were challenged with the same Xoo strain, the symptoms were
not reduced. This was further confirmed by RT-qPCR of the
control and edited lines. The relative expression of OsSWEET14
was similar in wild type SB and TalF edited lines (SB-E3, SB-
E4), whereas the strain was unable to induce OsSWEET14 in
the AvrXa7 edited line (SB-E2). This showed that the strain
has AvrXa7 to infect Super Basmati. These findings confirmed
our hypothesis that targeting EBEs in the promoter region only
provides specific resistance to their corresponding TALE present
in the Xoo strain.

Mutations in susceptibility genes can also have side effects
on normal plant physiology (van Schie and Takken, 2014). In a
previous study, rice plants with a OsSWEETI14 TDNA insertion
mutant had smaller seeds as compared to wild type plants,
although it showed resistance against Xoo strains (Antony et al.,
2010). In contrast, OsSWEET14 EBE edited rice plants were
no longer susceptible to Xoo and showed normal growth (Li
et al,, 2012). In the current study the edited lines were visually
observed during the growth period and after harvest. All the
edited lines showed no detectable growth defects in greenhouse
conditions except for SB-E1. In SB-E1 seed filling was disturbed.
The reason could be attributed to a large deletion in the promoter
region. This also indicates the role of OsSWEET genes in seed
filling (Sosso et al., 2015; Yang et al,, 2018; Hu et al, 2019).
However, further investigation is required in this regard. Thus,
in comparison to former studies, we came across both types
of results, and out of four EBE mutated lines we observed
abnormality in only one edited line.

There are some previous reports of CRISPR-Cas9 mediated
genome editing of rice to develop resistance against bacterial
blight. Editing in the promoter fragment of OsSWEET genes
was reported using CRISPR-Cas9 to develop resistance against
bacterial blight (Oliva et al, 2019; Xu et al., 2019). But the
majority of previous genome editing was performed in rice
cultivar kitake (japonica) and cannot be used for breeding
programs of Basmati rice. Recently, genome editing via
CRISPR-Cas9 was performed to mutate EBEs of OsSWEET11,
OsSWEET13, and OsSWEETI14 to create resistance in Indica
cultivar (IR-64 and Ciherang-Subl). These cultivars can be
used by breeders of Asia and Africa in breeding programs
but there was no report on creating resistance in the Basmati
cultivars. Therefore, we performed genome editing in the elite
Super Basmati rice cultivar to be incorporated into breeding
programs. The present study was designed to establish CRISPR-
Cas9 mediated genome editing in Basmati rice. To the best of our
knowledge, this is the first report of genome editing in Basmati
rice using the CRISPR-Cas9 toolbox.

This study shows the potential of CRISPR-Cas9 based
genome editing in elite Super Basmati rice. However, there
is still more work needed to deal with bacterial blight, by
characterizing the maximum of local Xoo isolates, because some
Xoo TALEs also target OsSWEET13 and OsSWEETII. So, to
create broad-spectrum resistance against all the native Xoo
strains, multiplexing can also be done in Basmati. Further, a study

can be planned to establish multiplex genome editing against
bacterial blight by simultaneously targeting multiple EBEs in
the promoter regions of OsSSWEET genes, which will ultimately
result in reducing bacterial blight. This approach of dealing with
bacterial blight by targeting the promoter of OsSSWEET genes
will not prevent the adaptation of pathogens. The strength of
this method also depends on the ability of local Xoo strains
to acclimate to recessive resistance alleles. To develop durable
resistance against pathogens, it is better to create major changes
in EBEs of the OsSWEET gene’s promoter. Combining these
edited alleles with locally effective resistance genes can be a
more effective way to reduce disease pressure. In conclusion,
by understanding TALE interaction with EBEs of OsSWEET14
genes, we were able to create resistance against a corresponding
Xoo strain.

Genome editing can have off-target effects. The gRNAs used
in this study were analyzed for off-targeting against the rice
genome available in the database. All the gRNAs did not have
any off-targets. Furthermore, if any off-target mutations are
still present as a result of genome editing or tissue culturing,
they will be eliminated during crossing. Full genome sequencing
will be required to confirm any off-targeting. Finally, our
initial data shows the potential of CRISPR-Cas9 based genome
editing in elite Basmati cultivar. However, the establishment of
a transgene-free genome editing protocol for targeting multiple
EBEs simultaneously is still needed in Super Basmati rice to
create broad-spectrum resistance against a large collection of Xoo
strains. Such transgene-free genome-edited elite lines created in
this way can be added in breeding programs.

CONCLUSION

Our results show that targeting EBEs of respective TALEs,
employing the CRISPR-Cas9 approach, can provide highly
selective and promising immunity against bacterial blight.
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CRISPR/Cas9-based systems are efficient genome editing tools in a variety of plant
species including soybean. Most of the gene edits in soybean plants are somatic and
non-transmissible when Cas9 is expressed under control of constitutive promoters.
Tremendous effort, therefore, must be spent to identify the inheritable edits occurring at
lower frequencies in plants of successive generations. Here, we report the development
and validation of genome editing systems in soybean and Arabidopsis based on
Cas9 driven under four different egg-cell specific promoters. A soybean ubiquitin gene
promoter driving expression of green fluorescent protein (GFP) is incorporated in the
CRISPR/Cas9 constructs for visually selecting transgenic plants and transgene-evicted
edited lines. In Arabidopsis, the four systems all produced a collection of mutations
in the T2 generation at frequencies ranging from 8.3 to 42.9%, with egg cell-specific
promoter AtEC1.2e1.1p being the highest. In soybean, function of the gRNAs and Cas9
expressed under control of the CaMV double 35S promoter (2x35S) in soybean hairy
roots was tested prior to making stable transgenic plants. The 2x35S:Cas9 constructs
yielded a high somatic mutation frequency in soybean hairy roots. In stable transgenic
soybean T1 plants, AtEC1.2e1.1p:Cas9 yielded a mutation rate of 26.8%, while Cas9
expression driven by the other three egg cell-specific promoters did not produce any
detected mutations. Furthermore, the mutations were inheritable in the T2 generation.
Our study provides CRISPR gene-editing platforms to generate inheritable mutants of
Arabidopsis and soybean without the complication of somatic mutagenesis, which can
be used to characterize genes of interest in Arabidopsis and soybean.

Keywords: CRISPR/Cas9, gene editing, egg cell-specific promoter, Arabidopsis, Glycine max, soybean

INTRODUCTION

With the advent of genome editing technologies, such as zinc-finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENS), and clustered regularly interspaced short palindromic
repeat (CRISPR) and CRISPR-associated protein (Cas) (CRISPR/Cas) in particular, targeted
mutagenesis and precise base changes in genomes of interest can be achieved in ways that
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were unimaginable 10 years ago (Zhang et al, 2018). These
engineered nucleases can generate double-stranded DNA breaks
(DSBs) at pre-chosen genomic loci, and repairs to the
DSBs in vivo lead to site-specific genetic alterations. Two
main pathways are used to repair DSBs in vivo: error-
prone non-homologous end joining (NHE]) and error-free
homology-directed repair (HDR) in the presence of template
DNA. The former is the predominant event that introduces
insertions/deletions (indels) that range from one to hundreds of
base pairs (Voytas, 2013).

The type II CRISPR/Cas9 system from Streptococcus pyogenes
is the first described and the most popular CRISPR system
for genome editing. CRISPR/Cas9 consists of two components,
the Cas9 nuclease and a chimeric single guide RNA (gRNA)
derived from the fusion of a ¢crRNA (CRISPR RNA) and a
trans-activating crRNA preceded by a spacer (or guide) sequence
of 18-20 nucleotides complementary to the target DNA (or
protospacer). The Cas9 protein cleaves the target DNA to cause
DSBs predominantly located 3 bp upstream of the protospacer
adjacent motif (PAM) sequence (5'-NGG-3'). Due to the ease
of assembly and high frequency of inducing mutations, the
CRISPR/Cas9 system is widely used for gene editing in various
organisms, including yeast, mouse, fish, human cells, and plant
species (Jinek et al., 2012; Cong et al.,, 2013; Hwang et al., 2013;
Jiang et al., 2013; Li et al., 2013; Mali et al., 2013; Nekrasov et al,,
2013; Shan et al., 2013).

Soybean (Glycine max) is one of the most economically
important crops for food, vegetable oil and animal feed. As
a paleopolyploid species, gene function studies in soybean
are frequently complicated by genetic redundancy, in addition
to low frequencies of genetic transformation. Nevertheless,
CRISPR/Cas9 genome editing systems have been successfully
utilized in soybean since the first demonstrations in 2015. It has
been applied to create targeted mutations in hairy roots, somatic
embryos and stable transgenic plants (Jacobs et al., 2015; Li et al,,
2015, 2019; Michno et al., 2015; Sun et al.,, 2015; Du et al., 2016;
Chilcoat et al., 2017; Cai et al., 2018, 2020; Kanazashi et al., 2018;
Al Amin etal., 2019; Bao et al., 2019; Campbell et al., 2019; Cheng
etal., 2019; Do et al., 2019; Zhang et al., 2019; Michno et al., 2020;
Wang et al., 2020; Wu et al., 2020). Various promoters have been
deployed for expression of Cas9. For example, the constitutive
cauliflower mosaic virus (CaMV) 35S promoter (35S) is the most
used, especially in hairy roots (Jacobs et al., 2015). The soybean
SCREAM M4 promoter (pM4) (Bai et al., 2020), parsley ubiquitin
promoter (Kanazashi et al,, 2018), and translation elongation
factor 1 alpha 2 (EF1A2) promoter (Li et al., 2015) have also been
used to constitutively activate Cas9 expression.

Compared with the constitutive promoters, germline specific
promoters for Cas9 expression can improve the frequency and
heritability of mutations significantly in Arabidopsis. Expression
of Cas9 under control of the DD45 (egg cell and early embryo),
Yao (shoot apical and root meristem-active), tomato Lat52
(pollen) and EC (egg cells, embryo) promoters can increase
the frequency of heritable edits in the T2 generation. These
promoters also reduce the rate of somatic mutations (Wang et al.,
2015; Yan et al., 2015; Mao et al., 2016). The lower frequency of
chimerism reduces the need to screen large numbers of individual

plants and conduct multiple generational analyses to acquire the
desired mutants in Arabidopsis. The efficiency of Agrobacterium-
mediated soybean transformation is very low, labor-intensive and
time-consuming, so a high-efficiency CRISPR/Cas9 system based
on germline specific promoters may reduce the chimerism and
thus, the workload of characterizing edited plants.

In this work, we present easy-to-use binary vector systems
with Cas9 driven by egg cell-specific promoters (ECp) for efficient
site-specific mutagenesis in Arabidopsis and soybean based on
Agrobacterium-mediated transformation. In the system, a GFP
marker can also be used to identify transgenic and transgene-free
plants. We validated the ECp-Cas9 systems and Agrobacterium-
mediated protocol by targeting two genes each in Arabidopsis
and soybean. Our results showed that egg cell-specific promoters
can induce mutations of endogenous genes in Arabidopsis and
soybean, and multiple, independent mutations can be obtained
from the progeny of individual single lines. We confirmed
that the continuous presence of the Cas9/gRNA construct in
transgenic plants can cause mutagenesis of target genes of interest
in subsequent generations.

RESULTS

Construction of an ECp-Cas9/gRNA
System for Genome Editing in

Arabidopsis and Soybean
The cloning strategy for building the series of gRNA vectors
for insertion into the destination ECp-Cas9/gRNA binary
vector suitable for Agrobacterium-mediated transformation of
Arabidopsis and soybean is shown in Figure 1. The gRNA vectors
(pCRgRNA1 to pCRgRNAG6) were designed and constructed to
generate individual gRNA units each consisting of a small nuclear
RNA (snRNA, U6 or U3) promoter and a gRNA followed by
a poly-T terminator. The multiple cloning sites between the
U6 or U3 and the gRNA scaffold sequence contain two BsmBI
sites which facilitate an insertion of a double-stranded DNA
fragment with two unique overhangs generated after annealing
two complementary oligonucleotides. The inserted sequence in
each gRNA vector forms the spacer or guide sequence of a
gRNA gene designed specifically to target the genomic locus of
interest (Figure 1A). The six gRNA cassettes were designed and
constructed such that, after digestion with Bsal, each unit has
overhanging ends compatible to the ends of the adjacent units,
which are assembled into the intermediate pENTR_ccdB vector
using Golden Gate assembly (Supplementary Table S1). In order
to have the flexibility of making constructs containing fewer
than 6 gRNA units, two additional vectors (pCRgRNA2T and
PCRgRNAA4T) were designed and constructed to enable 2- and
4-gRNA units (Supplementary Table S1). Therefore, the vectors
can be used to construct gRNA modules consisting of 2, 4, or 6
gRNAs (Figure 1B). In this study, we used the 2-gRNA version to
target two different genes at once for mutagenesis (Figure 2).
For egg cell-specific expression of Cas9, promoters of four
egg cell-specific genes were fused to the Cas9 coding sequence
to establish the four CRISPR/Cas9 systems used in this study
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Golden Gate assembling
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eGFP Multiple gRNAs

pECp:Cas9-GFP-gRNA

FIGURE 1 | Cloning strategy for adding gRNA modules to the T-DNA vectors carrying Cas9, eGFP, and Bar. (A) The pCRgRNA vectors (with two BsmBI and two
Bsal recognition sites) have different Arabidopsis U6 or U3 promoters to drive expression of each gRNA. A common transcription terminator (Ter) follows each gRNA
scaffold. Each gRNA vector can be digested with BsmBl for the insertion of double-stranded oligonucleotides as the guide sequence of a specific gRNA (dsOligo#).
(B) Up to six unique gRNA expression cassettes can be assembled into an intermediate construct, pENTR4-sgRNAs. (C) The gRNA module flanked by the attL1
and attL.2 sites is mobilized into the binary vector P1300-ECp-Cas9-GFP-ccdB by Gateway recombination. The resulting Cas9/sgRNA binary construct is used for

Agrobacterium-mediated transformation. The features of the plasmids are not drawn to scale.

Four snRNA
promoters tested
RB \ 4 LB
NosT 2sgRNAs / Cas9 NosT Bar
NosT 2sgRNAs AtEC1.2e1.1p Cas9 NosT Bar
NosT 2sgRNAs GmEC1.1p Cas9 NosT Bar
NosT 2sgRNAs .2p Cas9 NosT Bar

/\

m gRNA1  PolyT m gRNA2 . PolyT

FIGURE 2 | Design of constructs to test ability of four different egg cell-specific promoters to activate expression of Cas9 in Arabidopsis and soybean. In these
studies, a gRNA module expressing two different gRNAs (2sgRNAs) targeting unique loci in Arabidopsis and soybean was used. GmUDbi, soybean ubiquitin
promoter; eGFP, enhanced green fluorescent protein; NosT, nopaline synthase terminator; Bar, bialaphos resistance.
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(Figure 2). This strategy was used to allow us to identify
the promoter that worked best for genome editing in both
Arabidopsis and soybean. The promoter from the AT1G71470
locus of Arabidopsis, referred to as AtP5p, was used for
expression of the Arabidopsis codon-optimized Cas9. Another
Arabidopsis promoter, referred to as AtEC1.2el.1p, was adapted
from the fusion of AtECI.1 and AtECI1.2 cis-regulatory elements
(Wang et al, 2015). Additionally, two soybean promoters
[GmEC1.1p and GmECI1.2p from loci encoding G. max egg
cell-secreted protein 1.1 (LOC100801164) and G. max egg
cell-secreted protein 1.2 (LOC102670289), respectively] were
identified and used for Cas9 expression. The Cas9 expression
plasmids each contained a cassette of the ccdB gene flanked
by the Gateway recombination sequences attLl and attL2
(Supplementary Figure S1). The gRNA modules from pENTR-
gRNAs could be mobilized to the individual destination vectors
pGW-ECp:Cas9-GmUDbi:GFP through Gateway recombination,
resulting in a single binary vector pECp:Cas9/gRNA for
Agrobacterium-mediated plant transformation with the bar gene
driven by the CaMV 35S promoter as the transformation
selection marker (Figures 1C, 2).

The guide sequences of gRNA genes were selected
and designed based on the Arabidopsis thaliana ecotype
Wassilewskija-2 (WS-2) or soybean cultivar Williams 82 genome
sequences using the CRISPR Genome Analysis Tool (Brazelton
et al., 2015)". The corresponding target genomic regions were
PCR-amplified and confirmed by Sanger sequencing prior to
gRNA design. All pCRgRNA constructs were confirmed for
sequence accuracy at the insertion sites and the flanking regions
by Sanger sequencing. The binary plasmids were mobilized into
Agrobacterium strain GV3101 or EHA105 for transformation of
Arabidopsis and soybean, respectively.

The overall strategy to design and apply a CRISPR/Cas9
construct for targeted mutagenesis in Arabidopsis and soybean
is illustrated in Figure 3. The main steps include designing and
constructing individual gRNA gene units, assembling the gRNA
units into a guide RNA cassette, transferring the gRNAs into
ECp:Cas9 vectors, transforming Agrobacterium, and performing
Agrobacterium-mediated plant transformation. Basta resistance
and GFP fluorescence were used to screen and select for the
transgenic or transgene-free plants of the TO, T1, and T2
generations. The final step involves genotyping edited plants
through PCR-amplification of the targeted regions followed
by restriction enzyme digestion analysis (PCR-RE) or T7
endonuclease I (T7E1) assay and further confirmation of edits by
Sanger sequencing (Figure 3).

Targeted Mutagenesis of AtRPS4 and

AtRPS4B in Arabidopsis

To investigate whether the ECp-Cas9/gRNA systems could
induce site-specific mutations, we first tested the ability of each
to induce mutations in Arabidopsis. The Arabidopsis genes
encoding the TIR-NB-LRR proteins AtRPS4 and AtRPS4B were
chosen as the targets. These resistance proteins activate effector-
triggered host immunity upon recognizing two bacterial effectors,

Uhttp://cbe.gdcb.iastate.edu/cgat/

Design guide RNA and construct
Cas9 plasmids

4

Plant transformation via Agrobacterium

U

Identify transgenic plants
(TO, T1, T2) via
glufosinate or Basta
selection and GFP
Fluorescence

.

Genotype edited plants via PCR-RE,
T7E1, & sequencing

U

Characterize transgene-free, gene
edited plants in T2/T3 generation

FIGURE 3 | Overall strategy to generate stable transgenic Arabidopsis and
soybean lines and identify progeny plants carrying site-specific mutations.

AvrRps4 from Pseudomonas syringae and PopP2 from Ralstonia
solanacearum (Saucet et al., 2015). The two gRNA genes (gRPS4
and gRPS4B, one gRNA for each target gene) were designed
and constructed into one gRNA cassette using pPCRgRNA1 and
PCRgRNA2T as intermediate cloning vectors. The Cas9 cleavage
site (three nucleotides upstream of the NGG PAM) of each target
gene overlapped with a restriction enzyme recognition site (Xbal
for AtRPS4 and BgIII for AtRPS4B), which facilitated genotyping
using the PCR-RE approach (Figure 4A).

The same gRNA cassette was mobilized individually into
pGW-ECp:Cas9-GmUDbi:GFP recipient vectors, resulting in four
different ECp:Cas9/gRNA constructs that were individually
introduced into Arabidopsis through Agrobacterium-mediated
transformation using the floral-dipping method. The Bar and
GFP markers were used to select the transgene positive
plants. Compared with non-transgenic Arabidopsis WS-2 plants,
the transgenic plants grew well on the MS solid medium
supplemented with Basta and showed strong green fluorescence
under fluorescence microscopy (Figures 4B-D).

We first established a way to identify true transgenic plants
by combining Basta resistance and GFP fluorescence presence
to screen the T1 and T2 generations. Several transgenic T1
plants obtained from four different ECp:Cas9/gRNA constructs
were subjected to Basta, GFP fluorescence and Cas9/gRNA-
PCR screening (Supplementary Table S2). Compared to Basta
screening, the GFP fluorescence was more consistent with the
presence of the gRNA genes and Cas9 as further confirmed
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A
AT5G45060

AtRPS4B

136 kb AT5G45250

AtRPS4

Bgli

Xbal
GATGCTTTTAGAGATCTTGAGG CCTCTAGATGTACTGCTGAAGA

FIGURE 4 | Generation of Arabidopsis plants carrying pECp-Cas9/2sgRNA constructs targeting AtRPS4 and AtRPS4B. (A) Schematic representation of AtRPS4
and AtRPS4B and their gRNA target sites. Nucleotides in red and green indicate gRNA target sites and the PAM sequence, respectively. Underlined nucleotides
represent the restriction enzyme site in the target gene used to detect mutations. (B) Plants grown in MS solid medium with Basta. (C,D) Transgenic plants under
the bright and fluorescent (GFP) light, respectively. circles indicate the location of a seedling not obviously visible under fluorescent light in (D).

by the PCR approach (Supplementary Table S2). These results
indicated that transgenic plants could be best identified by using
the two methods together.

We next examined the extent of gene editing in the T1
populations by PCR-amplifying the relevant genomic regions
and digesting the amplicons with the restriction enzymes
Xbal for AtRPS4 and BgIIl for AtRPS4B (PCR-RE approach)
followed by Sanger sequencing some of the randomly selected
amplicons. For AtECl.2el.lp, among 20 transgenic T1 lines
selected, 3 lines contained mutations at one target locus (AfRPS4)
(Supplementary Table S2). Two mutations were heterozygous,
while one was bi-allelic. The frequency of mutations for AtRPS4
was 15%, suggesting that the T-DNA transferred into zygotes
of Arabidopsis flowers started to function at an early stage. No
mutation was detected at the AtRPS4B target locus, suggesting
a low efficiency of the guide-RNA for AtRPS4B. However, no
mutation was detected at the two target loci with the three
constructs containing other three ECp driving Cas9 expression.
These results indicate that site-specific mutants can be obtained
in the T1 generation with one of four egg cell promoters.

Since ECp:Cas9/gRNA should continue to function in egg
cells, zygotes and the early stage embryos in the reproductive
stage of transgenic plants in the T1 or successive generations,
we focused on detecting mutations at the target loci in the T2
generation derived from each CRISPR construct. We counted
T2 plants that survived Basta selection in MS medium and
with GFP fluorescence and calculated the segregation ratio
from individual T1 lines (Supplementary Table S3). The T2
plants from several T1 lines with a 3:1 segregation ratio
for each Cas9/gRNA construct were selected for genotyping
using the PCR-RE approach (Figure 5). For AtECl1.2el.1p, the

mutation frequencies ranged from 18.2 to 63.6% for AtRPS4
and from 0 to 18.2% for AtRPS4B (Table 1). Genotyping and
sequencing analysis of T2 plants showed that AtP5p, GmEC1.1p
and GmECI1.2p induced site-specific mutations at 12.8, 25.2,
and 0%, respectively, for AfRPS4, but induced no mutation
at the AtRPS4B target locus (Table 1). The AtEC1.2el.1p:Cas9
construct induced the highest number of mutations at both loci
in comparison with the other egg cell-specific promoters. These
results demonstrated that AtEC1.2el.1p was the most efficient
promoter compared to AtP5p, GmECIL.1p and GmECI1.2p for
gene editing in Arabidopsis.

We also determined the exact identities of edits in individual
T2 plants from the single T1 lines. Sanger sequencing was
performed for seven plants from line #18 of AtEC1.2el.1p:Cas9
construct, and five plants contained single mutations for AfRPS4
and two contained double mutations for AfRPS4 and AtRPS4B.
A variety of mutations (heterozygous, homozygous and bi-
allelic) occurred in the AtRPS4 single mutants (Table 2). The
results demonstrate that multiple independent mutations can be
obtained from just a single T1 line, which could be useful for
generating allelic series.

The GFP fluorescence and PCR-RE approach were also
used to select transgene-free mutants in the T3 generation
(Figure 6). Through genetic segregation, non-GFP (transgene-
free) T3 plants could be recovered that carried mutations in either
AtRPS4, AtRPS4B or both genes. These results suggest that it is
feasible to use visible GFP fluorescence to remove the transgenic
plants, then use the PCR-RE approach to identify the mutants
from the previous generation through genetic segregation. This
strategy can be used to obtain transgene-free mutants from either
the T2 or T3 generation.
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FIGURE 5 | Genotyping Arabidopsis T2 progeny with the PCR-RE and sequencing approaches. (A) Gel images of PCR-amplicons from the segregating T2 progeny
along with parent WS2 digested with Xbal. (B) Sequencing results of PCR amplicons derived from the plants as shown in (A). bi-,
monoallelic mutants; WT, wild type segregants; WS2 CK, parent control.

TABLE 1 | Efficiency of targeted mutagenesis by Cas9 driven by four different promoters in T2 generation of Arabidopsis.

Promoter for Cas9 T1 Line AtRPS4 number of plants Editing AtRPS4B number of plants Editing Total T2 plants
efficiency efficiency

AtEC1.2e1.1p #18 WT(4)/Heter-(3)/Homo-(2)/Bi-(2) 63.6% WT(9)/Heter-(1)/Bi-(1) 18.2% IR
#21 WT(4)/Heter-(3)/Bi-(2) 55.6% WT(9) 0% 9
#26 WT(8)/Heter-(1)/Bi-(1) 20% WT(9)/Heter-(1) 10.0% 10
#42 WT(9)/Bi-(2) 18.2% WT(10)/Heter-(1) 9.0% 11
#46 WT(3)/Heter-(1)/Bi-(3) 57.1% WT(7) 0% 7

AtP5p #5 WT(15) 0% WT(15) 0% 15
#11 WT(8)/Heter-(2) 20.0% WT(10) 0% 10
#20 WT(7)/Heter-(3)/Bi-(1) 36.4% WT(11) 0% 11
#27 WT(12) 0% WT(12) 0% 12
#41 WT(12)/Heter-(1) 7.8% WT(13) 0% 13

GmEC1.1p #10 WT(9)/Heter-(3) 25.0% WT(12) 0% 12
#36 WT(13) 0% WT(13) 0% 13
#42 WT(5)/Heter-(4)/Bi-(3) 63.6% WT(12) 0% 12
#52 WT(7)/Heter-(1) 12.5% WT(8) 0% 8
#72 WT(9)/Heter-(2)/Bi-(1) 25.0% WT(12) 0% 12

GmEC1.2p #2 WT(27) 0% WT(27) 0% 27
#3 WT(24) 0% WT(24) 0% 24
#4 WT(4) 0% WT(4) 0% 4
#5 WT(19) 0% WT(19) 0% 19

Hetero-, heterozygous mutants, Bi-, biallelic mutants; WT, wildtype segregants.
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TABLE 2 | The representative mutations induced by AtEC1.2e1.1p:Cas9 in T2 plants of #18.

AtRPS4

AtRPS4B

WS2
AtEC #18-1

AtEC #18-2

AtEC #18-3

AtEC #18-4

AtEC #18-5

AtEC #18-6

AtEC #18-7

CCTCTAGATGTACTGCTGAAGAG
CCTCTAgGATGTACTGCTGAAGAG
CCTCTAgGATGTACTGCTGAAGAG
CCTCTA-TGTACTGCTGAAGAG
CCTCTAGATGTACTGCTGAAGAG
CCTCTA-ATGTACTGCTGAAGAG
CCTCTA-ATGTACTGCTGAAGAG
CCTCTAaGATGTACTGCTGAAGAG
CCTCTAGATGTACTGCTGAAGAG
CCTCTAaGATGTACTGCTGAAGAG
CCTCTA-ATGTACTGCTGAAGAG
CCTCTA-ATGTACTGCTGAAGAG
CCTCTAGATGTACTGCTGAAGAG
CCTCTACGATGTACTGCTGAAGAG
CCTCTAgGATGTACTGCTGAAGAG

GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGAT-TGAGG
GTGATGCTTTTAGAGATCETTGAGG
GTGATGCTTTTAGAGATCTTGAGG
GTGATGCTTTTAGAGAT-TTGAGG

LELL3355355555555%

The green letters are PAM sequences of Cas9 target sites. Lower letters are insertions and dashed lines are deletions induced by Cas9.

A
Bright light
GFP-Free
mutant
B single ; single Atrps4b; double Atrps4 & Atrps4b mutants
2 4 6 8 10 12 18 22 24
1 3 7 9 13 15 17 19 21 23
AtRPS4B
(Bg/i)
AtRPS4
(Xbal) -
FIGURE 6 | Selection of transgene-free, mutant Arabidopsis plants by absence of GFP fluorescence and PCR-RE genotyping. (A) T3 T-DNA-free edited plants can
be selected under the fluorescence microscope. (B) Gel electrophoresis images of PCR-amplicons digested with restriction enzymes (Bglll for AtRPS4B and Xbal for
AtRPS4). Homozygous single and double mutants were obtained in the T3 generation.
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ECp:Cas9/gRNA Constructs Induce
Mutagenesis of Two GmAGO7 Genes in

Soybean

To test whether our ECp-Cas9/gRNA systems could introduce
mutations at genomic target loci in soybean, we chose GmAGO7a
(Glyma.01G053100) and GmAGO7b (Glyma.02G111600)
for targeted mutagenesis. In plants, ARGONAUTE (AGO)
proteins are associated with small RNA (sRNA) mediated
repression of gene expression through either direct cleavage
or other mechanisms, such as target destabilization or
translational repression (Carbonell et al, 2012; Meister,
2013). ARGONAUTE7 (AGO7), a key regulator in the trans-
acting small interfering RNAs (ta-siRNA) pathway, plays a
conserved role in controlling leaf pattern among species. In
Arabidopsis, the ago7 mutants display increased leaf length and
downward-curled leaf margin due to accelerated juvenile-to-
adult transition; however, the mutants did not show obvious
defects in leaf polarity (Hunter et al., 2003, 2006; Fahlgren et al.,
2006). Overexpressing SIAGO7 in tomato exhibited pleiotropic
phenotypes, including improved axillary bud formation, altered
leaf morphology and inflorescence architecture, and increased
fruit yield (Lin et al., 2016). Loss-of-function of Mtago7 resulted
in lobed leaf margins and more widely spaced lateral organs in
Medicago truncatula (Zhou et al., 2013). There are two AGO7
paralogous genes (GmAGO7a and GmAGO?7b) in the annotated
Williams 82 genome?.

We first verified the efficiency of the CRISPR-Cas9 system
and activity of the gRNA in the soybean hairy root system.
The CaMV double 35S (2x35S) promoter was used to drive
expression of Cas9, and two gRNAs were designed to target
a unique sequence in each gene. Cassettes expressing two
different pairs of gRNAs targeting GmAGO7a and GmAGO7b -
gAGO7al and gAGO7b2 (named gAGO7al/b2) and gAGO7a2
and gAGO7bl (named gAGO7a2/bl) - were constructed and
each was recombined into the Cas9 binary vector, resulting
in constructs that simultaneously targeted GmAGO7a and
GmAGO7b (Figure 7).

The resulting two constructs were individually introduced
into Agrobacterium rhizogenes strain K599 to induce hairy
roots from infected soybean cotyledons. Hairy roots from
individual cotyledons were collected and pooled for genomic
DNA extraction. Individual DNA samples were used to PCR-
amplify the relevant regions using the gene-specific primers
for GmAGO7a and GmAGO7b. The T7 endonuclease I (T7E1)
analysis, an assay that involves using T7E1 to digest the PCR
amplicons of target genomic loci (Guschin et al., 2010), revealed
a range of 80 to 100% mutation frequencies for gAGO7al and
gAGO7a2, about 20% for gAGO7b1 and no detected mutation for
gAGO7b2 (Supplementary Figure S2). The results indicated that
the gRNAs (gAGO7al and gAGO7a2) for GmAGO7a and their
promoters (U6-26 and U3b) were highly active, but the gAGO7b1
and gAGO7b2 gRNAs were less active.

To validate the ability of ECp:Cas9/gRNA to induce
mutagenesis and examine the correlation of gRNA activities

Zphytozome.jgi.doe.gov

between hairy roots and stable transgenic plants, we used five
constructs expressing Cas9 under different egg cell-specific
promoters and gRNAs (gAGO7a2/bl and gAGO7al/b2)
(pAtP5p:Cas9-gAGO7al/b2, pAtP5p:Cas9-gAGO7a2/bl,
PAtEC1.2el.1p:Cas9-gAGO7a2/bl, pGmECI.1p:Cas9-
gAGO7a2/bl, and pGmEC1.2p:Cas9-gAGO7a2/bl) for stable
soybean transformation. These five constructs were introduced
individually into the Williams 82 cultivar of soybean by the
A. tumefaciens-mediated transformation method. The GFP
fluorescence was used to further screen the transgenic plants
from the regenerated plants that survived from the herbicide
glufosinate (Figures 8A-D). In addition, PCR-amplifications
of Cas9 and gRNA genes were used to identify the transgenic
plants (Figure 8E). Plants were screened by resistance to
glufosinate (bar), GFP fluorescence and PCR-amplification,
and 2 and 3 independent TO transgenic plants were obtained
for AtP5p:Cas9-gAGO7al/b2 and AtP5p:Cas9-gAGO7a2/bl,
respectively (Table 3). TO plants were grown to maturity so
that we could determine the mutation efficiency in the T1
generation. The three TO AtP5p:Cas9+gGmAGO7a2/bl lines
(ST397-1, -4, and -5), produced transgenic progeny, but none
that were tested carried a mutation at either gRNA target sites.
As expected, the TO AtP5p:Cas9-gAGO7a2/bl plants (ST397-2
and -3) that survived Bar selection but were negative for GFP
fluorescence and the PCR tests for the Cas9 and gRNA transgenes
produced no transgenic progeny and carried no mutations at the
GmAGO7a or GmAGO7D target sites (Table 3).

For the AtEC1.2el.1p, GmECI1.1p and GmEC1.2p constructs,
13, 2, and 1 independent TO transgenic lines were positive for
glufosinate screen (bar) and the PCR amplification, respectively
(Table 3). Out of the 13 TO lines from the AtEC1.2el.1p:Cas9-
gAGO7a2/bl construct, 10 lines produced transgenic T1
progeny, and of these, five lines produced T1 progeny some of
which carried mutations in GmAGO7a, but none had mutations
in GmAGO7b. Among the 97 T1 progeny plants from the five
lines, 26 plants contained mutations for GmAGO7a a mutation
efficiency of 26.8% based on the T7El assay (Table 3). For
other non-transgenic plants, we also checked for occurrence
of the mutation at both target loci, and as expected no
mutation was found in these plants. For the GmECI.1p:Cas9-
gAGO7a2/bl, two transgenic lines (ST411-12, -18) produced
transgenic progeny, but no mutation was detected at either
target site. Unfortunately, no seed was produced from the
only transgenic line derived from GmEC1.2p:Cas9-gAGO7a2/bl.
These results indicate that the AtEC1.2el.1p promoter is likely
the most efficient for gene editing in soybean and that the
frequencies of mutations induced by the gRNA were consistent
with the hairy root system.

We expected that Cas9 would be activated in egg cells, zygotes
or early embryos beyond the T1 generation. Therefore, we further
examined the prevalence of mutations in T2 plants produced
from T1 lines that were derived from AtEC1.2el.1p:Cas9-
gAGO7a2/bl and carried the Cas9 and gRNA transgenes. A total
of 31 TI1 lines produced from 6 TO lines were selected for
further analysis in the T2 generation. Twenty-two T1 lines
produced T2 plants that carried inheritable transgenes and
mutations, while seven T1 lines (ST410-14-19, ST410-25-22,
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FIGURE 7 | gRNA target sites in GmAGO7a and GmAGO7b. The structure of the GmAGO7a and GmAGO?7b genes are represented by exons (black bars), introns
(black lines) and UTRs (white bars). The sequences of the target sites are shown in red, PAM sequences in green and gRNA sequences in black. A total of four
gRNAs were constructed into two Cas9 plasmids, one containing gAGO7a1 and gAGO7b2 (gAGO7a1/b2) and another containing gAGO7a2 and gAGO7b1

(GAGO7a2/b1).

ST410-36-2, ST410-36-4, ST410-36-9, ST410-36-11, ST410-44-6)
did not produce any seed (Table 4). A total of 145 out of 389
T2 plants tested positive for mutations in GmAGO7a by using
the T7E1 assay. Sanger sequencing the PCR-amplicons from
some of the T7E1 positive plants revealed site-specific mutations
in GmAGO7a (Figure 9). Most mutants were heterozygous,
but 11 were homozygous from T1 lines ST410-4-5, ST410-4-
14, ST410-25-4, ST410-44-5) (Table 4). We found only one
mutant for GmAGO7b among 389 T2 plants (ST410-14-3-7)
(Table 4). We were unable to correlate a mutant phenotype
with homozygous mutations in GmAGO7a, suggesting that there
is a redundant function provided by GmAGO7b. The results
indicate that Cas9 and gRNAs are still active in egg cells, zygotes
and early embryos in the T1 and T2 generations. For construct
GmECI1.1p:Cas9-gAGO7a2/bl, eight T1 lines were selected for
analyses of transgene presence and occurrence of mutations
in the T2 generation. No mutation was detected in either
GmAGO7a or GmAGO7b among 140 T2 plants (Table 4). These
results demonstrated that the AtECl.2el.1p promoter is the
best promoter for egg cell-specific Cas9 expression and genome
editing in Arabidopsis and soybean.

DISCUSSION

In the present study, we built a CRISPR/Cas9 platform for
genome editing in soybean with the aid of proof-of-concept
experiments in Arabidopsis. The system depends on the
conditional expression of Cas9 at the reproductive stage by using
an egg cell-specific promoter. The use of tissue-specific promoters
is expected to have multiple benefits that includes reducing
the potential toxicity associated with Cas9 expressed under
the otherwise strong and constitutive promoters. In addition,

the expression of Cas9 in germ cells (egg cells, zygotes, and
early embryos) results in heritable edits and reduces somatic
mutations in plants derived from organogenesis, which has
proven to be a feasible approach particularly in Arabidopsis
(Wangetal., 2015; Yan et al., 2015; Mao et al., 2016). Our CRISPR
system also features a visual marker (GFP) under a soybean
ubiquitin gene promoter that can be used to avoid growing and
maintaining escapes from soybean transformation projects. The
system can be used for multiplex genome editing as up to 6 gRNA
cassettes can be integrated into a single construct. Finally, we
validated the system for site-specific mutagenesis by targeting
two genes each in soybean and Arabidopsis up to the T2 and T3
generations, respectively.

Genome editing in soybean still faces several challenges
although numerous studies have demonstrated its feasibility.
First, efficient and reliable transformation technology in
soybean has lagged behind some other crop species. Genetic
transformation of soybean is still genotype dependent, and only
a very limited number of genotypes are transformable (Yamada
et al,, 2012; Altpeter et al., 2016). The most widely and routinely
used transformation platforms depend on organogenesis,
a process that is based on cotyledonary-nodes as explants
and Agrobacterium-mediated DNA delivery, to regenerate
whole plants (Paz et al., 2006). This method often leads to a
high occurrence of escape and chimeric plants, and it makes
soybean transformation labor-intensive and expensive. The
number of genuine transgenic plants is usually low from each
transformation project. We observed evidence for escapes and
chimerism during analyses of TO and T1 plants in which some
TO plants that were Bar positive surviving glufosinate selection,
but then tested negative for GFP and/or the Cas9 and gRNA
transgenes (Table 3). In addition, some TO lines that tested
positive for Bar, GFP, and the Cas9 and gRNA transgenes were
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E
Primers: EC1.2e1.1p-F&R

#1 #2 #3 #4 WT

PCR

FIGURE 8 | Detection of the transgenic soybean plants using GFP
fluorescence and PCR-based genotyping. (A-D) Use of GFP fluorescence to
detect transgenic soybean plants. (A,C) Images of a transgenic plant
expressing GFP under bright and fluorescent light, respectively. (B,D) Images
of a negative control plant under bright and fluorescent light. (E) Gel
electrophoresis image of the PCR amplicons produced using T-DNA-specific
primers targeting the promoter region.

likely chimeric, because their progeny neither inherited the
transgenes nor carried mutations in the target genes (Table 3).
Our soybean CRISPR/Cas9 system, therefore, is ideal, because
it allows us to select the Cas9/gRNA positive plants that can be
used to generate many progenies that each contain independent
and inheritable mutated alleles.

We tested four different EC promoters and found only one
(AtEC1.2e1.1p) was capable of inducing mutations in progenies
of T1 and T2 generations in soybean. There are possible
explanations for the failure of the other three promoters. First,
Cas9 was expressed but not as levels sufficient to cause DSBs
within the context of chromatin during the reproductive stage
of soybean plants. It is worth to point out that two promoters
(AtP5p and GmECI1.1p) are expected to be active, because
they did enable Cas9 to induce mutagenesis in Arabidopsis.
However, the third promoter (GmEC1.2p) may not be functional,
because Cas9 failed to induce mutagenesis in both Arabidopsis
and soybean. Future work is needed to determine whether
Cas9 mRNA and protein expression is activated by the three
promoters. Second, the guide RNAs used in the present study
may not be the most active ones. More guide RNAs remain to
be designed and tested. Finally, the number of TO transgenic
soybean plants derived from each of the three constructs was

small, which is a common limitation of soybean transformation.
We obtained only eight, four and four TO plants from
AtP5p:Cas9, GmECI1.1p:Cas9, and Gml.2p:Cas9, respectively,
while 14 TO plants were generated from AtECI.2el.1p:Cas9. The
low number of TO plants prevents us from making definitive
conclusions about the three promoters that did not induce
mutations in soybean. Future work to increase the efficiency of
soybean transformation will make it possible to generate larger
numbers of TO plants with constructs carrying more gRNA and
Cas9 configurations.

In the present study, we tested the correlation of gRNA
activities among hairy roots and stable transgenic plants. Hairy
roots yielded very high frequencies of mutagenesis for two of
four gRNAs (gAGO7al and gAGO7a2) and relatively low or no
activity by another two (gAGO7b1 and gAGO7b2). Similarly, the
frequency of mutations induced by gAGO7a2 is much higher
than gAGO7bl1 in the stable transgenic plants. The findings
suggest that the hairy root system is a quick way to test and select
highly active gRNA before proceeding to stable transformation.

The second challenge facing genome editing in soybean is
the genome size and complexity. Soybean, e.g., Williams 82, is
a palaeopolyploid and contains a genome of ~1.15 gigabases
(Schmutz et al,, 2010), about eight times as larger than the
A. thaliana genome (135 megabases) (Initiative, 2000). Prior to
site-specific cleavage of the target DNA, Cas9 and gRNA first
recognize the PAM sequence and then the PAM-proximal region
through the complementarity between the gRNA and target
strand (Sternberg et al, 2014). The implication of this mode
of recognition is that the genome editing efficiency is expected
to be negatively correlated to the genome size and complexity.
Our data from Arabidopsis and soybean supports this notion.
For instance, three of the egg cell-specific promoters driving
Cas9 could produce mutants in Arabidopsis, while only one of
three was able to do so in soybean at much lower percentage.
Alternatively, the expression levels of Cas9 and gRNA may be
higher in Arabidopsis than in soybean.

It is highly likely the editing efficiency would be correlated
with the abundance of Cas9/gRNA ribonucleoprotein complexes.
Based on this, to further improve our soybean CRISPR/Cas9
system, several strategies and approaches can be explored. First,
we are interested in approaches to increase the abundance of
Cas9 in egg cells, zygotes and early embryos of the TO or T1
generation transgenic plants. For example, it was shown that
zCas9 (maize codon-optimized Cas9) coding sequence followed
by the pea ribulose-1,5-bisphosphate carboxylase small subunit
(rbcS) E9 gene terminator (rbecS E9t) induced edits at higher
rates than zCas9 followed by the Agrobacterium Nos gene
terminator in Arabidopsis (Wang et al., 2015). The constructs
described in the present study all carried Cas9 followed by
the Nos terminator. In addition, the incorporation of introns
in gene coding regions especially at the 5 end was shown to
enhance gene expression (Le Hir et al.,, 2003). Therefore, use
of a different terminator (e.g., pea rbcS E9 or soybean rbcS1
terminator) along with soybean codon-optimized Cas9+intron
could increase expression level of Cas9 transcripts expressed
under control of the EC promoters. It may also be possible to
use soybean U6 promoters for expressing gRNAs to improve the
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TABLE 3 | Genotyping analysis of TO and T1 transgenic soybean plants from five CRISPR constructs.

TO T1
CRISPR Construct Line Bar GFP Cas9 gRNA Transgenic vs. (Total plants) # of mutant in GmAGO7a
AtP5p:Cas9 (gAGO7a1/b2) ST398-4 + + + + 0(19) None
ST398-5 + + + + 0(27) None
AtP5p:Cas9 (gAGO7a2/b1) ST397-1 + + + + 11(26) None
ST397-2 + - - - 0(27) None
ST397-3 + - - - 0(25) None
ST397-4 + + + + 11(27) None
ST397-5 + + + + 17(27) None
ST397-10 + - - - TO died
AtEC1.2e1.1p:Cas9 (JAGO7a2/b1) ST410-4 + ND + + 6(15) 2
ST410-7 + ND + + 1(18) None
ST410-8 + ND + + 5(15) None
ST410-9 + ND - - TO died
ST410-11 + ND + + 0(17) None
ST410-13 + ND + + 2(2) None
ST410-14 + ND + + 21(23) 7
ST410-18 + ND + + 3(3) None
ST410-25 + ND + + 30(36) 4
ST410-32 + ND + + 11(15) None
ST410-35 + ND + + 0(14) None
ST410-36 + ND + + 12(12) 7
ST410-40 + ND + + 0(17) None
ST410-44 + ND + + 6(6) 6
GmEC1.1p:Cas9 (gAGO7a2/b1) ST411-6 + ND - - 0(6) None
ST411-12 + ND + + 8(18) None
ST411-17 + ND - - 0(9) None
ST411-18 + ND + + 4(11) None
GmMEC1.2p:Cas9 (gAGO7a2/b1) ST412-20 + ND + + TO died
ST412-29 + ND - - TO died
ST412-27 + ND - - TO died
ST412-31 + ND - - 0(14) None

ND, no GFP detection was performed.

genome editing efficiency (Di et al., 2019). Such modifications
to increase the levels of activated Cas9/gRNA complexes in
germline cells are expected to increase the frequency of targeted
mutagenesis without sacrificing germline-specific expression.

MATERIALS AND METHODS

Plant Materials

Arabidopsis thaliana (ecotypes Wassilewskija-2, Ws-2) plants
were grown vertically on half-strength Murashige and Skoog
(172 MS) plates at pH 5.6-5.8 (adjusted with 1 N KOH),
supplemented with 0.85% (w/v) agar and 1% (w/v) sucrose. All
plants were grown at 22°C under long-day conditions (16 h
light/8 h dark).

The soybean cultivar Williams 82 was used for hairy root
transformation and whole plant stable transformation. Soybean
seeds were surface-sterilized for 14-16 h with chlorine gas.
Seeds were germinated on 1/4 Gamborg’s solid medium under
long-day conditions (16-h light/8-h dark, 28°C/24°C) in growth

chambers. After 5 days, healthy plants were selected for hairy
root transformation. Soybean plants were grown in clay pots
containing Pro-mix Bx Biofungicide potting mix supplemented
with Osmocote slow-releasing fertilizer (14-14-14) and were
grown in greenhouse to maturity under a photoperiod of 16 h
light and 8 h dark at 28-24°C.

Vector Construction

Different ECp were used to drive Cas9 expression in
this study. The Arabidopsis AtP5 promoter (919 bp,
Chrl:26929821...26930831 in TAIR 10) fused to Cas9
(pCambia:AtP5p:Cas9) was constructed in pCAMBIA3300.
This vector was modified by inserting the cassette of
attR1-ccdB-attR2, which is used to insert gRNA modules
by Gateway recombination, resulting in the destination
vector, pGW-AtP5p:Cas9. The AtEC1.2el.1p ECp (1,362 bp,
Chr2:9282423...9283302 + Chr1:28810535. ..28811064 in TAIR
10) was assembled through overlapping PCR amplification using
Arabidopsis genomic DNA and primers. To identify soybean
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TABLE 4 | Genotyping analysis of CRISPR/Cas9-induced mutations in T1 and T2 soybean plants.

CRISPR construct TO Line T1 T2
No. Mutation (GmAGO7a) Mutant plants (GmAGO7a) Mutant plants (GmAGO7b)  Total plants
AtEC1.2e1.1p:Cas9 (gAGO7a2/b1) ST410-4 #3 — 0 0 21
#4 — 0 0 18
#5 + 14 (3 Homo-) 0 20
#6 — 0 0 19
#14 + 11 (2 Homo-) 0 20
#15 — 0 0 15
ST410-14 #2 + 7 0 16
#3 + 0 1 15
#6 + 9 0 15
#19 + ND ND ND
ST410-25 #3 + 7 0 16
#4 + 9 (2 Homo-) 0 14
#8 + 8 0 13
#22 + ND ND ND
ST410-32 #1 - 0 0 17
#2 — 0 0 20
#5 — 0 0 17
#12 — 0 0 18
ST410-36 #1 + 1 0 14
#2 + ND ND ND
#3 + 4 0 16
#4 - ND ND ND
#6 + 9 0 19
#9 + ND ND ND
#11 + ND ND ND
ST410-44 #1 + 8 0 8
#2 + 9 0 9
#3 + 10 0 10
#4 + 19 0 19
#5 + 20 (4 Homo-) 0 20
#6 + ND ND ND
Sum 6 31 22 145 1 389
GmEC1.1p:Cas9 (gAGO7a2/b1) ST411-12 #2 — 0 0 19
#5 - 0 0 17
#17 — 0 0 18
#18 — 0 0 18
ST411-18 #6 - 0 0 18
#12 — 0 0 18
#14 — 0 0 18
#20 - 0 0 14
Sum 2 8 0 0 0 140

ND, no seeds or DNA samples were collected.

ECp, the Arabidopsis egg cell secreted protein 1.1 (AT1G76750)
was used as a query to BLAST search against the soybean
reference genome to retrieve seven egg cell secreted protein
sequences and their promoter sequences. Promoters of GmEC1.1
(1,446 bp, Chr20:40598179...40599767 in Wm82.a2v1)
and GmECI1.2 (1,334 bp, Chr06:18296898...18298365 in
Wm82.a2vl) were PCR-amplified using soybean genomic DNA
as a template and gene-specific primers. GmEC1.1 and GmECI1.2
each represent one member of their clades among the seven

GmECs (Supplementary Figure S3). To construct a Cas9
expression cassette with the 2x35S promoter, the 2x35S promoter
was PCR-amplified from the pTF101 plasmid. All the promoters
were swapped with the AtP5p in pCambia:AtP5p:Cas9 at Ncol
and Spel through the Gibson cloning method, resulting in
constructs containing each of the four different promoters
for expression of Cas9. The GmUDbi-GFP-NosT cassette was
then inserted into each vector through restriction and ligation
at the Hindlll site using the standard molecular cloning

Frontiers in Plant Science | www.frontiersin.org

June 2020 | Volume 11 | Article 800


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Zheng et al.

Soybean CRISPR/Cas9

Williams 82 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTCCCTCAGAACCACACTATC
ST410-4-5 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTCC-TCAGAACCACACTATC -1
ST410-4-14 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTCC-=-===—=——~ CACTATC
ST410-14-19 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTCC-TCAGAACCACACTATC -1
ST410-25-4 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTCCeCTCAGAACCACACTATC +1
ST410-25-22 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTCCCT---AACCACACTATC -3
ST410-36-2 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTCC-TCAGAACCACACTATC -1
ST410-36-9 CTTATACCTCT==============

ST410-36-11 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTC--TCAGAACCACACTATC -2
ST410-44-3 CTTATACCTCTTCAACAACTTCCTTTGACTCCACCCTTCC-TCAGAACCACACTATC -1

ST410-44-5 ~ CTmmmmmmmmmmm e mmm e

FIGURE 9 | Representative mutations induced by egg cell-specific expression of Cas9 in soybean plants derived from five independent TO lines. Red letters and
underlined letters in Williams 82 indicate the respective PAM and gRNA target sequences. Dashed lines and lowercase letters denote deletions and insertions,

respectively, at the GmAGO7a target site.

————————————————— CAGAACCACACTATC

methods (Ausubel et al, 1998), resulting in the GFP version
of the plasmids. The primer information is provided in
Supplementary Table S4.

For the construction of gRNA genes, the intermediate vectors
PENTR4-ccdB which was modified by inserting the cassette of
attL1-ccdB-attL2. Briefly, each gRNA vector (pCRgRNA) has
a unique promoter and poly-T terminator. The specific gRNA
spacer sequence was inserted at the two BsmBI restrict sites. To
construct a specific gRNA gene, two 20 — 24 nt complementary
oligonucleotides were annealed to produce a double-stranded
DNA oligonucleotide (dsOligo). To make a 2-gRNAs cassette, the
first dsOligo was designed with a 5" overhang of ATTG in the
sense strand and a 5" of overhang AAAC in the antisense strand;
and the second dsOligo was designed to contain a 5" overhang
of GTCA in the sense strand and a 5" of overhang AAAC in
the antisense strand. All oligonucleotides were synthesized and
purchased from Integrated DNA Technology (Coralville, IA,
United States). The individual gRNA cassettes were assembled
into the pENTR4-ccdB vector by the Golden Gate assembly
method using Bsal. After sequencing the guide RNA regions,
the gRNA cassette was finally mobilized to four different pGW-
ECp:Cas9-GFP-ccdB constructs by using Gateway LR Clonase
(Thermo Fisher Scientific, Waltham, MA, United States).

Escherichia coli strain DH50 and DB3.1 were used for
molecular cloning of Cas9/gRNA constructs. Agrobacterium
tumefaciens strain GV3101 and EHA105 were used for
Arabidopsis and soybean transformation, respectively.
A. rhizogenes strain K599 was used for the soybean hairy
root transformation. E. coli cells were grown in Luria-Bertani
(LB) medium supplemented with appropriate antibiotics at
37°C with a standard culture technique, while Agrobacterium
strains were grown at 28°C in Luria-Bertani (LB) medium with
appropriate antibiotics (Ausubel et al., 1998).

Hairy Root Transformation
Agrobacterium rhizogenes strain K599 containing the Cas9/gRNA
binary constructs was used for the soybean hairy root induction.

Soybean cotyledons of cultivar Williams 82 were inoculated
with the transformed K599 strain using a previously described
protocol (Kereszt et al., 2007) with slight modifications.
Bacterial cells were scraped from the plates and suspended
in 1 mL sterile water. The blades of sterilized scissors
were immersed into the bacterial suspension, then used to
cut off the 1/4 of the cotyledon that was attached to the
stem. The cut cotyledons were placed on a stack of one or
two sterile pre-wet paper towels (with 1/4 Gamborg’s liquid
medium plus 200 pg/ml Timentin) in an ice-cream box. The
cotyledons were kept in a growth chamber with a photoperiod
of 16-h light/8-h dark at 28°C/24°C. After cultivation for
2~3 weeks, hairy roots were collected for further analysis.
Hairy roots induced by K599 lacking CRISPR construct were
used as control.

Transformation of Arabidopsis and
Soybean

Arabidopsis transformation was performed by using the
floral dipping protocol as described (Pike et al., 2019).
Agrobacterium-mediated transformation of a fixed number of
half seed explants of Williams 82 genotype was performed
at the Iowa State University Plant Transformation Facility
as described (Paz et al, 2004). The plants were grown
in greenhouses with a 16-h day at 28°C and an 8-h
night at 24°C. The transgenic plants were further confirmed
by GFP fluorescence and PCR assays on the Cas9 and
gRNA transgenes.

Molecular Characterization of CRISPR
Plants of Arabidopsis and Soybean

Genomic ~ DNA  samples  were extracted  from
Arabidopsis  leaves using the CTAB (cetyltrimethyl
ammonium bromide) method (Murray and Thompson,
1980). Soybean genomic DNA was extracted from
newly expanding primary leaves of Tl and T2
seedlings using the QIAamp Fast DNA Tissue Kit
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(Qiagen, Germantown, MD, United States). Genomic DNA was
used for PCR-amplification of relevant regions with specific
primers flanking the target sites (Supplementary Table $4).
PCR reaction conditions were optimized for each primer
pair and are available upon request. PCR amplicons were
assessed for mutations using the T7 endonuclease I (T7E1)
assay or restrict enzyme digestion and Sanger sequencing. For
the T7E1 assay, PCR-amplicons obtained from the transgenic
tissues were mixed with the respective amplicon derived from
wild type, denatured (95°C for 5 min) and reannealed (ramp
down to 25°C at 5°C/min), then subjected to T7E1. For PCR-
RE, the PCR-amplicons were used directly for digestion with
appropriate restriction enzymes. For sequencing, the PCR
amplicons derived from the T7E1-positive samples were treated
with ExoSAP-IT (Affymetrix, Santa Clara, CA, United States)
and subsequently evaluated by the Sanger sequencing method
by the University of Missouri-Columbia DNA Core Facility’.
The sequencing chromatograms were carefully examined
for exact patterns that might indicate mono-allelic or
bi-allelic mutations.
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Similar Seed Composition
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Gary J. Muehlbauer and Robert M. Stupar*
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The B-ketoacyl-[acyl carrier protein] synthase 1 (KAS/) gene has been shown in model
plant systems to be critical for the conversion of sucrose to oil. A previous study
characterized the morphological and seed composition phenotypes associated with a
reciprocal chromosomal translocation that disrupted one of the KAS/ genes in soybean.
The principle findings of this work included a wrinkled seed phenotype, an increase in
seed sucrose, a decrease in seed oil, and a low frequency of transmission of the
translocation. However, it remained unclear which, if any, of these phenotypes were
directly caused by the loss of KAS/ gene function, as opposed to the chromosomal
translocation or other associated factors. In this study, CRISPR/Cas9 mutagenesis was
used to generate multiple knockout alleles for this gene, and also one in-frame allele.
These soybean plants were evaluated for morphology, seed composition traits, and
genetic transmission. Our results indicate that the CRISPR/Cas9 mutants exhibited the
same phenotypes as the chromosomal translocation mutant, validating that the observed
phenotypes are caused by the loss of gene function. Furthermore, the plants harboring
homozygous in-frame mutations exhibited similar phenotypes compared to the plants
harboring homozygous knockout mutations. This result indicates that the amino acids lost
in the in-frame mutant are essential for proper gene function. In-frame edits for this gene
may need to target less essential and/or evolutionarily conserved domains in order to
generate novel seed composition phenotypes.

Keywords: soybean, KASI, sucrose, oil, CRISPR, Cas9, seed, mutant

INTRODUCTION

Seed composition traits are critical for soybean end uses. The protein fraction is important for food
uses and livestock feed and the oil fraction is useful for food, fuel, and industrial applications.
Furthermore, the carbohydrate fraction can impact the end use of the bean, particularly in the
development of varieties for human consumption. Therefore, a better understanding of the genes
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KASI In-Frame and Knockout Alleles

that govern the seed composition components will be useful to
increase the breeding efficiency of desirable traits for commodity
and specialty markets.

Recent work from our group identified a fast neutron-induced
chromosomal translocation that co-segregated with an increased
seed sucrose and reduced oil phenotype (Dobbels et al., 2017).
This locus was defined by a reciprocal translocation between
chromosomes 8 and 13, which disrupted an internal exon of a
B-ketoacyl-[acyl carrier protein] synthase 1 (GmKASI) ortholog
(soybean gene model Glyma.08G084300). The seeds homozygous
for the translocation also exhibited a wrinkled phenotype,
consistent with previous observations for mutants of this gene in
Arabidopsis thaliana (Wu and Xue, 2010). Furthermore, the
translocated KASI allele was observed to transmit and segregate
at a frequency far below Mendelian expectations. This work left
three major questions unresolved: (1) Could the seed composition
function of the soybean KasI gene be validated using CRISPR
mutagenesis, and would the phenotype be different from the fast
neutron line? (2) Given the extreme nature of the seed
composition phenotype in the fast neutron line, would it be
possible to generate an intermediate (i.e., less severe) phenotype
by generating an in-frame mutant allele for the KASI ortholog? (3)
Was the reduced transmission of the KASI mutant a consequence
of the knocked-out kasI allele, or did it result from abberant
meiosis of the translocated chromosomes?

This study addresses these three questions. We used CRISPR/
Cas9 gene editing methods to generate both an in-frame and
knockout alleles of the soybean KASI ortholog. We observed
both the segregation patterns of these alleles, and monitored the
seed composition phenotypes of the segregating families. All
alleles generated in this study did not have any chromosomal
abnormalities at the KASI site, but rather exhibited relatively
small nucleotide deletions and insertions, as are typical of
CRISPR/Cas9 edited sites. We found that these mutant lines
also exhibited reduced transmission of the kasI alleles, for both
in-frame and knockout alleles. Furthermore, we observed similar
seed phenotype profiles for the in-frame and the knockout
alleles. One of our goals of this study was to generate in-frame
mutants with intermediate phenotypes and higher (i.e., normal)
transmission levels. However, it appears that the location and
amino acids deleted from the in-frame mutant were critical for
normal KASI function, and thus mimicked the knockout
allele phenotypes.

MATERIALS AND METHODS

CRISPR/Cas9 Design and Assembly and
Soybean Whole Plant Transformation

Whole protein sequences of soybean KASI and the nearest
Arabidopsis ortholog were compared to identify evolutionarily
conserved domains that could be targeted for mutagenesis. The
protein sequences were obtained from the Phytozome and TAIR
websites, respectively. Both proteins were aligned with T-Coffee
(https://www.ebi.ac.uk/Tools/msa/tcoffee/) and the aligned fasta

file was visualized with BoxShade (https://embnet.vital-it.ch/
software/BOX_form.html) software.

Target sites for gRNAs were identified using the CRISPR-P
2.0 website (http://crispr.hzau.edu.cn/CRISPR2/; Liu
et al, 2017). Oligos were synthesized from Integrated DNA
Technologies (https://www.idtdna.com/pages). All
CRISPR/Cas9 reagents were then assembled as described in
Curtin et al. (2018). The final construct was transformed into
the disarmed Agrobacterium rhizogenes strain 18r12 (Veena and
Taylor, 2007). Whole plant soybean transformation was
performed in the genetic background of the cultivar “Bert”
(Orf and Kennedy, 1992), sub-line Bert-MN-01, using
previously published methods (Paz et al., 2006; Liu et al,
2019). CRISPR/Cas9 reagents for whole plant transformation
were assembled as described in Curtin et al. (2018). This included
the Cas9-encoding sequence, two distinct gRNAs, and sequence
encoding the glufosinate selectable marker. These components
were driven by Gmubi, U6, 7sL, and 35S promoters, respectively
(Figures 1A, B).

Polymerase Chain Reaction Targeted
Amplicon for Heteroduplex Assays, CAPS
Assays, and Sanger Sequencing for
Detecting CRISPR/Cas9 Edits

The genomic regions spanning gRNA target sites were amplified
by polymerase chain reaction (PCR) using the HotStarTaq
Plus master mix (Qiagen, Hilden, Germany) according to the
manufacturer's instructions. New mutations at the targeted sites
were identified using either heteroduplex of Cleaved Amplified
Polymorphic Sequences (CAPS) analyses. Heteroduplex assays
were performed as previously reported (Zhu et al., 2014). For
CAPS assays, targeted PCR amplicons were digested with BsaW1
(New England Biolabs, Ipswich, MA) overnight at 60°C as per
the manufacture's guideline. Digested products were run on
agarose electrophoresis gels (1.3%). The presence of digestion-
resistant PCR amplicons indicated CRISPR/Cas9 induced edits/
mutations had occurred. Two approaches were used for
Sanger sequencing. First, targeted PCR amplicons were directly
sequenced and.abi files containing sequence information were
then analyzed by Inference of CRISPR Edits (ICE) software
(https://ice.synthego.com; Hsiau et al., 2018) to identify
mutations. Alternatively, PCR amplicons were sub-cloned into
the Topo TA cloning vector (Thermo Fisher Scientific, Waltham,
MA) as per the manufacturer's instructions and individual
positive clones were sequenced. Each sequence file (.abi) was
visualized in ABI sequence scanner software. DNA sequence files
were aligned with MultAlin software (http://multalin.toulouse.
inra.fr/multalin/; Corpet, 1988).

Whole Genome Sequencing and
Bioinformatics

Selected plants were resequenced to confirm new mutations and
the presence/absence of the transgene sequences. As both T-
DNA and plasmid backbone sequences were integrated into the
genome of the main T, plant of interest (see Results section),
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Target site 1

TTGTGATCACCGGAATGGGCC
TTGTGATCAC---AATGGGCC
TTGTGATCACCG-AATGGGCC
TTGTGATCA---GAATGGGCC
TTGTGATCACCG---TGGGCC

TTGTGATCACCGGAATGGGCC
TTGTGATCACCG-AATGGGCC

TTGTGATCACCG-AATGGGCC
TTGTGATCACCGGAATGGGCC

TTGTGATCACCGGAATGGGCC
TTGTGATCACCG————— GGCC
TTGTGATCACCG--ATGGGCC

TTGTGATCACCGGAATGGGCC
TTGTGATCACCG-AATGGGCC
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677-2

89% WT
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677-3
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27% +1-bp
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677-6
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677-17

65% WT
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677-8
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- Cas9 primers

Target site 2

TTGATGATAGCCGGTGGGAC
TTGATGATAGC-GGTGGGAC

TTGATGATAGCCGGTGGGAC
TTGATGATAGCTCGGTGGGAC
TTGATGATAGC-GGTGGGAC

TTGATGATAGCTCGGTGGGAC
TTGATG————-- CGGTGGGAC
TTGATGATAGCCGGTGGGAC
TTGATGATAG————— GGGAC

TTGATGATAGCCGGTGGGAC
TTGATGATAGC-GGTGGGAC
TTGATGATAGCTCGGTGGGAC

TTGATGATAGCCGGTGGGAC

FIGURE 1 | CRISPR/Cas9 targeting of soybean GmKASI and identification of mutations in TOMO plants (A) Predicted gene model of GmKAS/ (Glyma.08g084300).
Exons are depicted as blue rectangles. Red bars in exon 1 and exon 2 indicate the target sites for gene editing. (B) The T-DNA of the assembled CRISPR/Cas9
construct carrying two gRNAs, each targeting the respective sites shown in (A). Cas9, gRNA for target-1, gRNA for target-2, and BASTA (glufosinate) selectable marker
were driven by Glycine max ubiquitin (Gmubi), Arabidopsis ubiquitin (U6), 7sL, and 35S promoters, respectively (image adopted from Curtin et al 2018). (C) T-DNA
presence in five independent TOMO events (677-2, 677-3, 677-6, 677-7, 677-8) detected by PCR. Two sets of primer pairs were used, specific to the gRNA and Cas9
regions of the T-DNA. (D) Heteroduplex assays showed novel amplicon bands in the transformed plants compared to the ‘Bert’ wild-type control, indicating the presence
of GmKASI edited alleles. (E) Sanger sequence analysis for all ToMg events revealed various GmKASI edited alleles at both target sites. The genomic region spanning
each target site was PCR amplified, Sanger sequenced, and analyzed with ICE software. Each ToMg event showed a different proportion (indicated by %) of edited alleles
(A indicates deletions; + indicates insertions). The underlined bases are the Protospacer Adjacent Motif (PAM) site at each target site.
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henceforth these sequences will be distinguish using the terms
“T-DNA” and “backbone,” rather than the term “transgene.”

DNA from young leaves at the second trifoliate stage was
extracted with the DNeasy plant kit (Qiagen). Sequencing was
performed at University of Minnesota Genomics Center to
approximately 20x coverage per genotype. The T-DNA and
plasmid backbone insertion sites were identified using the
method of Michno et al. (2020) using the bash script
TransGeneMap (https://github.com/MeeshCompBio/Soybean_
Scripts) with the following modifications. Initial quality was
assessed using Fastqc version 0.11.7 (Andrews, 2010).
Trimmomatic version 0.33 (Bolger et al., 2014) was used for
adapter removal, keeping a minimum read length of 40 bp and
quality cutoff set to a phred score of 20. Read mapping to the
soybean genome was conducted using bwa version 0.7.17 (Li and
Durbin, 2010) following the same parameters as Michno et al.
(2020). To locate the sites of integration in the genome, a FASTA
file was generated using the entire sequence of the plasmid
(including both the T-DNA and backbone) for read mapping,
which allowed us to identify integration of the backbone as well
as the T-DNA sequences. Orphan reads were mapped back to the
soybean reference genome (Wm82.a2.vl) using bowtie2
version 2.3.4.1.

To discern the zygosity state of the vector backbone insertion,
reads from sequenced plants were aligned to the soybean reference
genome using the bash script Fastq2ReadmapGmaxV2 (https://
github.com/MeeshCompBio/Soybean_Scripts) with the following
modifications. Initial quality was again assessed using Fastqc
version 0.11.7, adapter removal was done using cutadapt version
1.18 (Martin, 2011), and bwa version 0.7.17 was used for
alignment. IGV version 2.3.97 (Robinson et al., 2011) was used
to visually screen for the position and state of the vector backbone.
Plants with reads aligning across the insertion site with reduced
read depth at the site compared to the surrounding region were
determined to be heterozygous. Plants with no reads aligning
across the insertion site or mate pairs spanning the site (indicating
a large insertion) were determined to be homozygous for the
vector backbone insertion.

Plant Materials, Growth, and
Morphological Analysis

All plant materials were grown under similar growth conditions
in a single greenhouse. The greenhouse temperature was
maintained between 21-23°C. Natural light was supplemented
with 600 watt high pressure sodium (HPS) lamps using a
photoperiod day length of 14 h. All CRISPR/Cas9 edited and
control plants were planted at the same time in a propagation
mix growth medium (Sungro brand). Leaf samples for DNA
extraction were harvested at the second trifoliate stage. Plants
from different CRISPR/Cas9 families and control genotypes
were randomly arranged. Plants were fertilized every 2 weeks
using 400 ppm Jack's water-soluble 20-3-19 fertilizer until they
reached the R7 stage. Plants were watered after every 2 d until
the R7 stage and then reduced to once per week until the R8
stage. Individual plants were manually harvested and threshed
to maintain genetic purity. Threshed seeds were kept in packets

in the greenhouse for 1 week to promote drying. Transmissible
mutations were identified from the progeny derived from three
different T plants (see Results). A series of segregating mutant
alleles was identified in the progeny of the T, plant WPT677-3.
Five of these families, each segregating for a distinct
combination of alleles for the Glyma.08G084300 gene, were
phenotyped in downstream seed composition analysis (see Near
Infrared Scan for seed Composition), along with a control family
that was homozygous for the wild-type allele (Table 1).
Furthermore, seedling growth rates were measured for two
homozygous mutant lines compared to homozygous wild-type
siblings; ten seedlings were grown and measured from
each genotype.

Near Infrared Scan for Seed Composition
Two growouts were performed for seed composition analysis of
the segregating families derived from WPT677-3 (Table 1).
Within each of these two experiments, three to 17 biological
replicates (the median number of plants among the mutant
families was eight) were measured for each mutant family
(detailed information on the number of plants in each family
per experiment are provide in Supplementary Tables S1 and S2).
As these families were segregating, each plant was genotyped and
grouped into the appropriate mutant class (homozygous mutant,
heterozygous mutant, or homozygous wild-type) for seed
composition analysis. Approximately 20 g of whole soybean
seeds from individual plants were ground to a fine powder
using a water cooled Foss KN195 Knifetec rotary grinder. The
seeds were exposed to three consecutive pulses of grinding for 10 s
each (30 s total) while rocking the grinder to ensure that all the
seed material was ground. After completion, the material was
removed from the grinder and immediately placed in a bag and
immediately vacuum sealed until near infrared (NIR) scanning
was performed. NIR scans and calculations of predicted values for
each seed composition trait were computed as previously
described (Dobbels et al., 2017).

Statistical Analysis

All statistical analyses were conducted in R 3.5.2 (R Core Team,
2018, https://www.r-project.org/) and figures were produced
with ggplot2_3.2.1 package (Wickham, 2016).

Data Availability
Sequence data have been deposited into the NCBI Short Read
Archive under the Bioproject identifier PRINA640373.

RESULTS

CRISPR/Cas9 Induced Targeted
Mutagenesis of the Soybean KAS/
(GmKASI)

The predicted soybean gene model for Glyma.08G084300,
henceforth referred to as GmKASI, indicates seven exons
(https://soybase.org/; Figure 1A). To determine the guide RNA
(gRNA) target sites for CRISPR/Cas9 gene editing, we first
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TABLE 1 | Status of targeted mutations, T-DNA presence/absence, and plasmid backbone presence/absence in a sub-set of CRISPR/Cas9 confirmed to carry

mutations in GmKASI.

Plant Gen. Glyma.08G084300 T-DNA Plasmid backbone
Edits (site1.site2) Status Chr Integration Status Chr Integration
WPT677-3 ToMg Various Heteroyg. 5 5839464. Heterozyg. 8 17781297.
5839707 17781301
WPT677-3-35 TiMy +10/+107. WT/WT? Absent N/A N/A Heterozyg. 8 17781297.
17781301
WPT677-3-43 T+My WT/A1.WT/A1P Absent N/A N/A Heterozyg. 8 17781297.
17781301
WPT677-3-44 TiMy A1/+1WT/+12 Absent N/A N/A Heterozyg. 8 17781297.
17781301
WPT677-3-47 TiM; WT/WT.WT/WT® Absent N/A N/A Heterozyg. 8 17781297.
17781301
WPT677-3-48 TiM; WT/A6.WT/+1° Absent N/A N/A Homozyg. 8 17781297.
17781301
WPT677-3-22-04 ToMo WT/A6.WT/+1° Absent N/A N/A Heterozyg. 8 17781297.
17781301
WPT677-3-22-10° ToMo WT/A6.WT/WT Absent N/A N/A Untested

ABiallelic knockout genotype.
PHeterozygous knockout genotype.
°Homozygous wild-type genotype.
dHez‘erozygous in-frame genotype.

°Genotype WPT677-3-22-10 was not subjected to WGS. The edited alleles were determined by Sanger sequencing and the absence of the T-DNA sequence was based on PCR analysis

(see Results section).
A = deletion.
+ = insertion.

compared the protein sequences of GmKASI and its Arabidopsis
ortholog. The genes are highly conserved, with 86.5% identity at
the amino acid level (Supplementary Figure S1). Based on the
conserved regions of the protein, two gRNA target sites were
selected, one in exon 1 (target site-1) and second in exon 2 (target
site-2; Figure 1A).

The resulting construct (Figure 1B) was transformed into
soybean, resulting in five T, plants: WPT677-2, WPT677-3,
WPT677-6, WPT677-7, and WPT677-8. PCR assays with
primers specific to gRNA and Cas9 regions of the T-DNA
detected the presence of transgene sequences in all Ty plants
(Figure 1C). A heteroduplex assay was conducted for both target
sites to test for the presence of mutations. Heteroduplex assays
involve melting and subsequent renaturation of the target site
PCR amplicons prior to electrophoresis. If the homologous gene
copies have different sequences due to new mutations, then the
renatured DNA will have some imperfect double-stranded
complexes, resulting in slower migration and thus novel bands
observed on the gel. The heteroduplex assays for the T, plants all
showed novel amplicon bands, indicating new mutations
occurred in the T, plants (Figure 1D). Therefore, this
generation was renamed as ToM,. Sanger sequencing of the
PCR products from each target region confirmed various
edited alleles of GmKASI in these plants (Figure 1E). To
further confirm the mutations, sub-cloned target site-1
amplicons from plants WPT677-2, WPT677-3, and WPT677-6
were sequenced (Supplementary Figure S2). These assays
confirmed editing at the site, though at a relatively low
frequency. CAPS assays at target site-1 revealed digestion-
resistant bands in all ToM, plants, further confirming mutated
alleles of GmKASI (Supplementary Figure S3).

Generation of Stable and Heritable
Knockout and In-Frame Mutant Alleles of
GmKASI in Soybean

CAPS assays and Sanger sequencing were used to screen the
inheritance of mutations in subsequent generations. CAPS assays
on T M, families of WPT677-2 and WPT677-6 plants showed
that the targeted mutations were successfully transmitted, as
both families segregated for wild type and mutant alleles
(Supplementary Figure S4). All T;M,; plants from both
families also inherited T-DNA sequences, as detected by PCR.
This finding indicates that multiple unlinked copies of T-DNA
were likely integrated in the genome during transformation.
However, the WPT677-7 and WPT677-8 families did not
inherit the T-DNA nor mutations in the T;M; generation
(Supplementary Figure S5), suggesting the T-DNA did not
stably integrate into the genome and all mutations observed in
the ToM, generation occurred in somatic cells.

Both mutations and T-DNA sequences were inherited in the
T;M, generation of plant WPT677-3 (Supplementary Figure
$6; Supplementary Table $3). In this family, the mutations and
T-DNA sequences appeared to segregate independently in this
generation. A nearly 3:1 segregation ratio was observed for the T-
DNA sequences (32 plants carrying T-DNA: 13 plants not
carrying T-DNA). This finding suggested the T-DNA insertion
in the ToM, plant was likely a single copy event. The WPT677-3
lineage was subjected to further analyses in the T;M; and T,M,
generations to identify individuals with heritable and stable
targeted mutations in the absence of the CRISPR/Cas9 T-
DNA. We selected two homozygous mutant plants (WPT677-
3-35, WPT677-3-44), three heterozygous plants (WPT677-3-43,
WPT677-3-48, WPT677-3-22-10), and one homozygous wild
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type plant (WPT677-3-47). A PCR based assay did not detect the
presence of the T-DNA in any of these plants.

Detailed Sanger sequence analysis of plants WPT677-3-35,
WPT677-3-44, WPT677-3-43, WPT677-3-48, and WPT677-3-
22-10 revealed various edited alleles of GmKASI at both target
sites (Figure 2). We performed Whole Genome Sequencing
(WGS) of the ToM, plant (WPT677-3), five T;M; plants
(WPT677-3-35, WPT677-3-43, WPT677-3-44, WPT677-3-47,
WPT677-3-48), and one T,M, plant (WPT677-3-22-04). At
the time of the WGS experiment, the WPT677-3-22-10 plant
was not available so we instead sequenced WPT 677-3-22-04, a
sibling that did not carry the T-DNA sequences. No mutations
were detected in WPT677-3-47, which served as the unedited
control in these experiments. Notably, novel mutations at both
target sites in the T; M, generation were detected which were not
present in the parental ToM, plant (WPT677-3). One possible
explanation is that heritable mutations continued to occur after
the WPT677-3 leaves were sampled for the initial analysis. We
detected two plants carrying biallelic mutations (WPT-677-3-35
and WPT677-3-44), two plants carrying heterozygous knock out
alleles (677-3-43 and 677-3-48), and one plant carrying a
heterozygous in-frame allele (WPT677-3-22-10) (Table 1). We
detected edits at both target sites in WPT677-3-22-04, resulting
in another knock out allele (Table 1); we did not follow this line
for phenotypic analysis. All of the edited alleles were stably
inherited to the T,M, generation of WPT677-3-35, WPT677-3-
44, WPT677-3-43, WPT677-3-44, WPT677-3-48, and the T;M;
generation of WPT677-3-22-10 (Supplementary Tables S1
and S2).

Whole genome analysis confirmed that only the ToM, plant
contained the T-DNA sequences, which were integrated on
chromosome 5 (Table 1). All of the selected progeny plants
were confirmed to lack the T-DNA, indicating that this locus
segregated away in these plants and the targeted sites are thus
stable (Supplementary Figure S6). However, the WGS analyses

detected the presence of the vector backbone (Supplementary
Figure S7) sequences at a specific locus on chromosome 8 in all
plants of these plants (Table 1). Therefore, the generational
nomenclature for these plants remained in the T,M, form.
Resequencing analysis indicated that the entire vector
backbone, roughly 10 kb of DNA, was included in this
insertion. When examined in greater detail, it was determined
that the vector backbone insertion was present in the
heterozygous state in the ToM, plant WPT677-3 (Table 1). It
appears that the backbone insertion segregated in the subsequent
generation, exhibiting both heterozygous (4 plants) and
homozygous (1 plant) progeny among the five sequenced
T1M,; plants (Table 1). As the target gene (Glyma.08G084300)
and the backbone insertion are located 11.4 Mb from one
another on chromosome 8, it is possible that some of the edits
are genetically linked to this backbone insertion. However,
this is unlikely to be true for all edits, as the respective edits
and the backbone insertion may be located on homologous
chromosomes in some cases. The one plant identified as
homozygous for the backbone insertion (WPT677-3-48)
exhibited a heterozygous edited allele (Table 1), indicating that
this particular mutation was not perfectly linked to the backbone.
Presumably, some WPT677-3 descendants segregated out the
backbone insertion while maintaining edited alleles of
Glyma.08G084300, however no such lines were selected for
WGS in this study.

GmKASI has a paralog copy (Glyma.05g129600) in the
soybean genome. RNA expression of both GmKASI and its
paralog copy have similar transcript expression profiles across
all tissues (Supplementary Figure S8A; data extracted from
Severin et al., 2010). This suggests that the paralog copy may
have functional redundancy with GmKASI. We sought to
investigate if our gRNAs exhibited any off-target mutagenesis
to this paralog copy. The two gRNAs for target site-1 and target
site-2 in GmKASI have three and two mismatches, respectively,

Alleles Plant ID Target site-1 Target site-2
WT..WT  Bert TTGTGATCACCGGAATGGGCC TTGATGATAGCCGGTGGGAC
WT..WI  677-3-47 TTGTGATCACCGGAATGGGCC TTGATGATAGCCGGTGGGAC
Al..WT  677-3-44 TTGTGATCACCG-AATGGGCC TTGATGATAGCCGGTGGGAC
+1..+1 677-3-44 TTGTGATCACCGAGAATGGGCC TTGATGATAGCTCGGTGGGAC
+10..WT  677-3-35 TTGTGATCACCGC. .AGAATGGGCC TTGATGATAGCCGGTGGGAC
+107..WT  677-3-35 TTGTGATCACCGGC. . TAATGGGCC TTGATGATAGCCGGTGGGAC
A6..WT  677-3-22 TTGTGA-----—- GAATGGGCC TTGATGATAGCCGGTGGGAC
Al..AI 677-3-43 TTGTGATCACCG-AATGGGCC TTGATGATAGC-GGTGGGAC
A6..+1 677-3-48 TTGTGATCA------— TGGGCC TTGATGATAGCACGGTGGGAC

FIGURE 2 | Isolation of multiple stable alleles of GmKAS! inherited in T{M; plants Eight independent GmKASI alleles with a combination of mutations at target site 1
and target site 2 were inherited in the T{M; progeny of the 677-3 ToMg plant. Each target site was amplified by Polymerase Chain Reaction and Sanger sequenced.
Plant 677-3-47 carried homozygous wild-type allele. Plants 677-3-35 and 677-3-44 were biallelic, carrying two heterozygous mutant alleles, and are thus shown
twice (A indicates deletions; + indicates insertions; red letters indicate inserted bases). The “..” in the plant 677-3-35 alleles indicates additional inserted bases not
shown. 677-2-22, 677-3-43, and 677-3-48 each carried one mutant allele. The GmKASI alleles are depicted as mutation attarget site 1 .. mutation at target site 2.
The underlined bases are the Protospacer Adjacent Motif (PAM) site at each target site.
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when compared to the paralog copy (Supplementary Figure
S8B). We sequenced PCR products of the paralog copy for both
gRNA sites in plants WPT677-3-22, WPT677-35, WPT677-3-43,
WPT677-3-44, WPT677-3-47, and WPT677-3-48. No evidence
of new mutations were detected at either site in any of the
assessed plants (Supplementary Figure S8C).

Both Knockout and In-Frame Edited
Alleles of GmKASI Altered Seed
Morphology and Seed Composition Traits
in Soybean

We evaluated lines with edited alleles of GmKASI, wild-type
segregants, and nontransformed cv. Bert for morphological and
seed composition phenotypes based on two growouts in
the greenhouse. Plants carrying homozygous mutant alleles
displayed a range of slow growth compared to homozygous
wild type siblings at the seedling stage (Supplementary Figure
§9) and maintained slower growth rates at later stages (Figure
3A). Homozygous knock out and in-frame mutant plants both
showed wrinkled and shriveled seed phenotypes (Figure 3B;
Supplementary Figure S10) consistent with the fast neutron
mutants described by Dobbels et al. (2017). Similar seed
phenotypes were also confirmed in T,M, seeds harvested from
descendants of a separate CRISPR lineage derived from the ToM,
plant WPT677-6 (data not shown). The progeny from two
WPT677-3 mutant lineages (WPT677-3-43-69 and WPT677-3-
48-06) appeared to have many seeds with relatively normal
shapes compared to the other mutants. However, both
WPT677-3-43-69 and WPT677-3-48-06 carried heterozygous
wild-type alleles at site 1 and site 2, therefore many of their
seed progeny would be expected to carry a combination of
wild type alleles at these two sites, rendering such seeds
developmentally normal.

We analyzed seed composition traits from lineages of the
WPT677-3 edited families of GmKASI, including wild-type
segregants, and the nontransformed cv. Bert as controls, in
two independent NIR experiments. To confirm the genotypes
of individual plants, we genotyped each individual in
each replicate. Detailed information about the genotype of
individual plants from each CRISPR/Cas9 family are provided
in Supplementary Tables S1 and S2. In the first experiment, we
evaluated six CRISPR/Cas9 families carrying one wild type, one
in-frame, and six knock out alleles of GmKASI. WPT677-3-35
and WPT677-3-44 are biallelic mutants that produced families
with all mutant plants. WPT677-3-43 (knock out), WPT677-3-
48 (knock out) and WPT677-3-22-10 (in-frame) were
heterozygous plants that produced families consisting of
segregating wild type, heterozygous, and homozygous mutant
individuals. All the plants carrying homozygous mutant alleles
displayed an increase in seed sucrose content and a decrease in
total seed oil content (Figure 4A). The individuals with
homozygous in-frame alleles showed nearly identical seed
phenotypes as the homozygous knockout individuals. On
average, the homozygous mutant plants from all the families
exhibited significantly higher sucrose content (10.36% on dry
matter basis vs. a wild type value of 7.03%) and lower oil

677-3-43-75
WT/WT..WT/WT

677-3-43-107
A1/A1..A1/A1

677-3-48-09
WT/WT..WT/WT

L I
a8 &

677-3-48-02
A6/ A6..+1/+1

@3
£

677-3-22-10-38
A6/ 06..WT/WT

677-3-22-10-43
WT/WT..WT/WT

FIGURE 3 | Both knockout and in-frame edited alleles of GmKASI displayed
seed phenotypes(A) Representative plants of segregating ToM, progeny from
the heterozygous parental 677-3-43 plant. Plants carrying the GmKASI edited
allele in the homozygous state displayed slow growth and semi-dwarf
phenotypes. The genotype of each ToM, plant is depicted as “edit at target
site 1 .. edit at target site 2.” (B) Sample of seeds from homozygous wild-
type and homozygous mutant plants segregating from three different
heterozygous plants; 677-3-43, 677-3-48, and 677-3-22-10. Wild-type
segregants are shown on the left, while homozygous mutant segregants are
shown on the right. Plants 677-3-43 and 677-3-48 carried knockout edited
alleles, while plant 677-3-22-10 carried an in-frame edited allele. Homozygous
mutant seeds from homozygous knockout and in-frame alleles showed similar
wrinkled and cracked seed morphologies.
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content (10.29% on dry matter basis vs. a wild type value of
20.84%) compared to homozygous wild type individuals in the
first replicate (Figure 4C). The second experiment of this study
showed similar results, although the extent of alteration
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FIGURE 4 | GmKASI regulates sucrose and oil content in soybean seeds (A, B) Scatter biplot of percent total oil and sucrose content for multiple CRISPR families (denoted
by different symbols) based on NIR prediction. Data are shown from two independent greenhouse experiments. The genotypes are shown by different colors and refer to the
parent plant that produced the seed. The parents were either homozygous for a mutation, heterozygous, or homozygous wild type. Three to 17 biological replicates were
measured for each family. (C, D) Barplot of mean oil and sucrose content for each of the seed progeny from wild-type, heterozygous, and mutant genotypes in the two
experiments. Homozygous mutants from all families in both experiments showed an increase in sucrose and a decrease in total oil content. Oil and sucrose measurements
are based on the percent of seed, on a dry matter basis. One-way ANOVA and post-hoc Tukey-HSD (alpha = 0.01) tests were conducted. Genotypes with significantly
different means are indicated by different letters (a, b, c). Error bars represent the mean + standard error for each genotype class.

in sucrose and oil contents were greater than in the first
experiment (Figures 4B, D). Homozygous mutant plants
showed an increase of sucrose content from 5.97% to 11.50%
and a reduction of oil content from 18.76% to 5.63% as compared
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to wild type. Among other seed composition traits, homozygous
mutant plants also showed a significant increase in linolenic fatty
acid (experiment I: from 8.55% to 15.48% of total fat; experiment
2: from 7.51% to 16.99% of total fat) and a decrease in linoleic
fatty acid (experiment 1: from 49.42% to 30.57% of total fat;
experiment 2: from 52.56% to 44.56% of total fat) compared to
wild type (Supplementary Figures S11 and S12).

Non-Mendelian Inheritance of GmKASI
Edited Alleles in Soybean

A low recovery of homozygous mutant segregants was observed
in all three independent heterozygous lineages (progeny from
WPT677-3-43, WPT677-3-48, and WPT677-3-22-10). In all
cases, segregating progeny showed non-Mendelian inheritance
with lower than expected transmission of the mutant alleles of
GmKASI (Table 2). The segregation ratio significantly deviated
from the expected 1:2:1 ratio in all three families (chi® p
value <0.001), with a particularly low recovery of homozygous
mutant individuals.

DISCUSSION

This study set out to resolve three standing questions that
resulted from previous work on GmKasI (Dobbels et al., 2017).
First, would CRISPR mutagenesis validate the seed composition
function of the GmKASI gene (Glyma.08G084300), and would
the phenotype be different from the fast neutron line? This
question was clearly addressed in the current study, as the seed
composition phenotypes observed among a range of different
CRISPR mutant lines were very similar to those observed in the
previously published fast neutron translocation mutant of
GmKasI (Dobbels et al., 2017). Compared to wild type seeds,
the homozygous mutant seeds exhibited a wrinkled surface
phenotype, an increase in percentage sucrose, a decrease in oil,
and a redistribution of some fatty acid levels. Therefore, the
CRISPR lines validated the function of GmKasI in determining
the seed morphology and seed composition phenotypes. It is
important to note that the phenotypic analysis of the WPT677-
3 family may have been complicated by the presence of a vector
backbone insertion in many of these plants. However, there is
ample evidence indicating that the vector backbone insertion
did not influence the mutant phenotypes observed in the
WPT677-3 mutant descendants. First, plant WPT677-3-47,
which carried wild-type alleles for GmKASI and was
heterozygous for the backbone insertion (Table 1), only
produced wild type (not wrinkled) seeds. Second, T,M, seeds

TABLE 2 | Non-Mendelian inheritance of Gmkas/ (Glyma.08G084300) mutant alleles.

harvested from descendants of the WPT677-6 family showed
numerous wrinkled individuals, while presumably not carrying
the backbone insertion, as they were derived from an
independent T, event. These findings further confirm that the
mutant phenotypes in this study are caused by the mutations
at GmKasl.

Progeny from heterozygous mutant individuals typically
displayed an intermediate mean phenotype for the seed
composition traits (Figure 4). However, this is likely an
outcome of the need to pool multiple individuals in each NIR
run. We hypothesize that the progeny from the heterozygous
lines consists of a combination of homozygous wild-type,
heterozygous, and homozygous mutant individuals. Each
individual seed likely displayed the composition traits of
either the wild type group (presumably this includes both
homozygous wild type and heterozygous individuals) or
the extreme mutant phenotype (for homozygous mutant
individuals). However, the pooled combination shows an
intermediate phenotype. The traits tend to be more similar to
the wild type composition presumably because the transmission
of the homozygous mutant type is relatively low compared to
the other groups (Table 2). It is also noteworthy that differences
were observed in the severity of the seed composition traits
between the first and second greenhouse experiments. While
the experiments were grown using the same families and in the
same greenhouse, they were grown at different times. These
differences between experiments suggest that seed composition
traits are influenced by microenvironment differences, even in
greenhouse conditions.

The second question of interest addressed the possibility that
an in-frame mutation of GmKasl may provide a less extreme
(i.e., intermediate) seed composition phenotype compared to
the knockout mutations. This idea was previously demonstrated
in a series of soybean trichome mutants—the in-frame alleles of
a CPR5 gene ortholog demonstrated an intermediate phenotype
compared to the wild type and knockout mutants (Campbell
et al,, 2019). This “weak allele” concept is a promising avenue
for using gene editing as a means to develop agriculturally
useful phenotypes in cases where full knockout alleles exhibit
phenotypes that are too extreme and/or cause secondary
undesirable phenotypes. However, the data from our in-frame
mutant lines did not support this outcome in the present study.
The mutant individuals carrying the homozygous in-frame
allele also exhibited very strong alterations in seed sucrose
and oil content, comparable to the knockout lines. Thus, an
intermediate (i.e., less severe) phenotype was not observed in
the in-frame mutant. However, it is notable that the in-frame

Plant-ID Genotype Planted Germination WT Het Mut Chi? value Chi? p-value
Bert WT control 29 100.00% 29 0 0 NA NA
677-3-22-10 Heterozygous 69 89.86% 27 32 3 18.645 0.00009
677-3-43 Heterozygous 162 96.91% 53 86 18 17.038 0.0002
677-3-48 Heterozygous 89 88.76% 28 45 6 13.785 0.00102

“WT,” “Het,” and “Mut” are respectively the wild-type, heterozygous, and homozygous mutant segregants derived from a heterozygous parental plant.
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mutation was in a highly evolutionarily conserved region
(Supplementary Figure S1). It may have been expected that
perturbations to amino acids in such a conserved region may
have strong phenotypic consequences. Perhaps in-frame
mutations in a less conserved domain of GmKasI would yield
intermediate phenotypes.

The third question of interest addressed the low transmission
of soybean kasI mutant alleles. While reduced transmission of the
kasI mutant was observed in the fast neutron line, this particular
mutation was linked to a translocation event that may have also
disrupted meiosis. However, the progeny of the CRISPR lines in
the current study heterozygous for the mutations also exhibited
low transmission of the mutated alleles, while showing no
indications of chromosomal abnormalities. Thus, we conclude
that the low transmission of GmkasI mutations is a consequence
of the mutations per se. While we do not know the mechanism for
the reduced transmission, it is possible that post-fertilization
defects during embryogenesis or seed development may lead to
lethality in some of the homozygous mutant individuals.

Taken together, these results from this study confirm that
GmKASI is an important gene for regulating the sucrose to oil
biosynthesis pathway in soybean. This is a function that has also
been demonstrated in Arabidopsis (Wu and Xue, 2010). This
observation has now been made across three different mutant
classes of soybean, including a translocation line, CRISPR
knockout alleles, and a CRISPR in-frame allele.
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Production of Herbicide-Sensitive
Strain to Prevent Volunteer Rice
Infestation Using a CRISPR-Cas9
Cytidine Deaminase Fusion

Akira Komatsu"*, Miki Ohtake !, Zenpei Shimatani? and Keiji Nishida?

T Institute of Agrobiological Sciences, National Agriculture and Food Research Organization (NARO), Tsukuba, Japan,
2 Graduate School of Science, Technology and Innovation, Kobe University, Kobe, Japan

When cultivated rice seed fall into fields, they may overwinter and spontaneously
germinate the next spring. Such germinated plants are termed “volunteer rice.”
Volunteer grains originating from feed rice varieties may differ in certain traits, such as
quality and taste, as compared with those of rice cultivated for human consumption,
which may reduce the overall quality of the final harvested grain. Many rice varieties show
resistance to benzobicyclon (BBC), a beta-triketone herbicide (bTH) that inhibits 4-
hydroxyphenylpyruvate dioxygenase (HPPD). Recently, the rice gene HIST (HPPD
INHIBITOR SENSITIVE 1) conferring resistance to BBC and other bTHs was identified.
In this study, to suppress the occurrence of volunteer rice infestation, we attempted to
generate a BBC-sensitive rice strain via the knockout of the HIST gene using genome
editing techniques. The production of a his7 knockout line was carried out by the start-
codon substitution or stop-codon creation using CRISPR-Cas9 cytidine deaminase
fusion, which is useful as a novel amino acid sequence is not generated due to the
shifting of the reading frame. The mutation frequencies of independent transgenic plants
were 3.6, 13.5, 138.8, and 21.2% at four gRNAs for start-codon substitution and three
stop-codon creations. The his1 knockout lines were conferred with sensitivity to BBC, re-
confirming by genome editing that this is indeed the gene responsible for BBC resistance/
sensitivity. The his7 knockout lines also exhibited a sensitive phenotype to other bTHSs,
including sulcotrione, mesotrione, tembotrione, and tefuryltrione, compared with the wild-
type variety ‘Nipponbare.' These results demonstrate the potential of herbicide-sensitive
rice produced by genome editing technology as a material to control volunteer feed rice
using pre-labeled herbicides for varieties consumed by humans.

Keywords: activation-induced cytidine deaminase (AID), Oryza sativa L., targeted nucleotide substitution, HIS7,
volunteer rice, benzobicyclon, mesotrione, sulcotrione
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Production of his 7 Rice Line

INTRODUCTION

Genome editing technology has been attracting attention as a
means to change and modify the target domains within genes/
genomes in diverse species. Recently, the CRISPR-Cas9 system
has been developed, which employs a Cas9 endonuclease and
guide RNA complex, and has exhibited very high efficiency for
target gene editing in various species (Cong et al., 2013; Feng
et al., 2013; Jiang et al., 2013; Mali et al., 2013; Nekrasov et al.,
2013; Shan et al., 2013). In addition, efforts are in progress to
develop a novel genome editing technique that does not involve
DNA double-strand breaks. Cytosine base editor (CBE) is one
such technology, which employs activation-induced cytidine
deaminase (AID) that catalyzes a deamination reaction and
couples with molecules harboring DNA sequence recognition
ability, thereby modifying the genome sequence via nucleotide
substitution in domains containing specific DNA sequences.
AID is an enzyme that converts cytosine within DNA/RNA into
uracil through a deamination reaction. The resulting U-G DNA
mismatches trigger nucleotide substitutions (C to T or G to A)
through DNA replication and repair pathways. AID prefers
single-strand DNA within RNA/DNA hybrid transcripts
(R loops) as its substrate. By making complete use of
nuclease-impaired CRISPR-Cas9 and AID-related deaminases,
researchers have recently developed a BE using rat APOBEC1
(Komor et al., 2016) and Target-AID system using sea lamprey-
derived PmCDA1 to demonstrate the direct installation of point
mutations (Nishida et al., 2016). The mutation spectrum of
Target-AID is highly specific; the system preferentially induces
point mutations at cytosine bases within a 5-bp window
surrounding the 18 bp upstream of the protospacer adjacent
motif (PAM) sequence on the non-complementary strand to
gRNA. The capability of Target-AID to avoid cutting genomic
double-stranded DNA reduces off-target effects relating to
CRISPR-Cas9 nuclease activity and the incidence of cellular
cytotoxicity (Nishida et al., 2016). Target-AID system was also
applied to higher plants to obtain desirable phenotypes in rice,
tomatoes, wheat, and maize (Shimatani et al., 2017; Zong et al.,
2017). Simultaneous editing of multiplex traits was also
demonstrated in rice (Shimatani et al.,, 2018). Recently,
rationally engineered Cas9 requiring NG-PAM sequences
(Cas9-NG) was developed and shown to be compatible with
Target-AID (Nishimasu et al., 2018), which was then applied to
rice (Endo et al.,, 2019). Recently, adenine base editors (ABEs)
were developed as a system for mediate the conversion of A to G
or T to C in genomic DNA (Gaudelli et al., 2017). These systems,
together with cytosine base editors by cytidine deaminase,
enable introduction of transitions for four patterns (C to T, G
to A, A to G, and T to C) at the target site in the genome,
expanding the capabilities of base editing. In this manner, the
base editing technology continues to evolve and is expected to be
capable of achieving breeding goals more efficiently.

Rice is one of the most important crops in the world, with
more than half of the global population relying upon it as a staple
food (Sasaki, 2008). It is also essential as livestock feed.

Worldwide, especially in advanced or emerging countries
where the consumption of livestock meat is already high or
rapidly increasing, domestic cultivation, and utilization of feed
crops is key to maintaining self-sufficiency. Currently, a
multitude of high-yield rice varieties have been cultivated
specifically for livestock through agricultural breeding efforts,
for instance, in Japan (Sakai et al, 2003; Kato, 2008). As the
Japanese government encourages the cultivation and harvest
of feed rice, farmers have formulated annual production
plans by gauging the optimum ratio of edible rice (i.e., human
consumption) to feed rice (i.e., livestock consumption) varieties.
Under such circumstances, when seeds of cultivated rice migrate
onto a paddy field, some of them may overwinter and germinate
spontaneously on the following spring. Such germinated
seedlings are called “volunteer rice” (Singh et al., 2017). The
occurrence of volunteer rice originating from a feed rice variety
results in the mixing of feed rice varieties within the edible rice
crops to be grown the next year. Edible and feed varieties of rice
considerably differ in terms of quality and taste. Hence, such a
mixing may cause decline in the quality and lowering its sell
prices of harvested rice grains intended for human consumption.
To avoid quality loss by such a crop contamination, farmers have a
tendency to intentionally cultivate low-yield edible rice varieties as
feed rather than using higher-yield varieties bred specifically for
livestock consumption.

Beta-triketone herbicides (bTHs) are 4-hydroxyphenylpyruvate
dioxygenase (HPPD) inhibitors widely used in agriculture.
Benzobicyclon (BBC) is a bTH developed for weed control in
paddy fields and is effective against paddy weeds resistant to other
types of herbicide, including sulfonylureas. BBC is a prodrug, with
its hydrolysate, BBC-OH, is incorporated into plant, acting as an
HPPD inhibitor, and mediating plant bleaching (Sekino et al.,
2008). Recent studies have revealed that although many Japanese
rice varieties show resistance to BBC, certain varieties, including
some Indica cultivars, remain sensitive to BBC (Maeda et al., 2019).
These findings contribute to the identification of rice genes that
determine resistance and sensitivity relative to BBC. Specifically, the
main quantitative trait locus (QTL) for BBC sensitivity situated on
the second chromosome was identified through a QTL analysis of
the BC,F, population and chromosomes derived from BBC-
sensitive and BBC-resistant rice varieties. As this QTL behaves as
a single recessive trait, it was identified as a gene locus determining
BBC sensitivity/resistance, with the corresponding wild-type gene
being named HISI (Maeda et al., 2019). In addition, an analysis of
BBC-sensitive rice cultivar revealed that BBC-OH was absorbed
into the roots and transferred to the foliar tissue, but it was not
detected in the leaf tissues of the HISI-transformed line, suggesting
that HIS1 functions as an enzyme for BBC-OH degradation in
plants (Maeda et al., 2019).

In this study, to preclude rice varieties intended for either
human or livestock consumption from being mixed together due
to field infestation by volunteer rice, we attempted to produce a
BBC-sensitive hisl rice line via the knockout of the HISI gene
through nucleotide substitution using a CRISPR-Cas9 cytidine
deaminase fusion.
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MATERIALS AND METHODS

Plasmid Vector Construction

The vectors used for the evaluation of herbicide resistance within
rice were constructed as follows. First, a rice-optimized Target-
AID vector (Figure 1A) was constructed. Rice-optimized
Streptococcus pyogenes Cas9 (SpCas9) vector pZH_MMCas9
and gRNA construction vector pZK_OsU6-gRNA were kindly
provided by Dr. Masaki Endo (Mikami et al., 2015), and a RuvC
nuclease domain-deficient D10A mutation (nickase, nCas9) was
introduced via PCR and Gibson Assembly methods (New
England Biolabs, USA). A plant codon-optimized PmCDA]I
coding sequence was synthesized and inserted following nCas9
using the same linker peptide as previously described (Nishida
et al.,, 2016). This pZK_OsU6-sgRNA was modified to contain a
Miul site after the Spel site for ease of multiplexing. A target
sgRNA sequence was inserted between the OsU6 promoter and
sgRNA scaffold using PCR.

Transformation and Regeneration

BBC-resistant japonica cultivar (Oryza sativa L cv. Nipponbare)
was used in this study. The procedures for Agrobacterium-
mediated transformation were performed as described
previously (Toki, 1997; Toki et al., 2006). After co-cultivation
of Agrobacterium carrying the Target-AID vector with rice
scutellum-derived calli (pre-cultured for 5 days) for 3 days,
infected calli were transferred to fresh callus induction medium
(Toki et al., 2006) containing 50 mg/L hygromycin B (Wako Pure
Chemicals) and 400 mg/L carbenicillin disodium salt (Nakarai,
Kyoto, Japan) to remove residual Agrobacterium. At 21 days
following hygromycin selection, proliferating calli were
transferred to a fresh pre-regeneration medium containing 40

mg/L hygromycin and 200 mg/L carbenicillin disodium salt.
After 8 days of culture, the calli were transferred to a fresh
regeneration medium containing 30 mg/L hygromycin B and
cultured for 2weeks. The regenerated plants were further
cultivated in a greenhouse.

Sequence Analysis

PCR products used for the restriction fragment length
polymorphism analysis were also cloned into pCR-Blunt II-
TOPO (Invitrogen) and subjected to a sequencing analysis
using an ABI 3130 sequencer (Applied Biosystems).

Herbicide Susceptibility Tests for
Genome-Edited Lines In Vitro

The herbicide susceptibility of genome-edited lines was
measured within test tubes (diameter, 2.5 cm; height, 15 cm)
containing 10 ml of a Murashige-Skoog (MS) solid medium with
herbicide. Five dehusked mature seeds of homozygous hisI T; or
wild-type (control) rice plants were surface sterilized via two
treatments with 4% sodium hypochlorite for 20 min followed by
five rinses with sterilized water. The seeds were then immersed in
sterilized water for 2 days at 30°C, after which germinated seeds
were transferred to tubes containing the solid MS medium
composed of half-strength MS salts and agar (1 g/L)
containing herbicide; BBC 0.1 uM, BBC-OH 0.1 uM, and 0.3
uM; Mesotrione (MST); Sulcotrione (SLT); Tembotrione (TMT)
0.05 pM and 0.1 uM; and Tefuryltrione (TFT) 0.1 uM and 0.3
uM, cultured at 27°C for 7 to 14 days with 16 h of light (40 pmol
m~? s7') daily. BBC and BBC-OH were obtained from SDS
Biotech (Tokyo, Japan), while MST, SLT, TMT, and TFT were
obtained from Fujifilm Wako (Tokyo, Japan).

10387k 10388k
1 1

A
Guide RNA | Target OsADH " i
po/yT (20bp) SUTR |NLS| nCas9" |PmCDA1 Tpea3A | TOsAct1
< Spe

B HISI: 0s02g0280700 (HPPD inhibitor sensitivity 1)

10389k 10390k
1 [

ATG

T
TTCAAGGGTATGGAACTGACCGG
———_His1 1

IS1 16-82 gRNA
—

GTGCAAGAGCTGGCGGCAGCCGG
HIST 16-81 gRNA
—

[

-
HIS1 16-47 gRNA

CCAAGAACAAGAACACCAATGGC

-
HIS1 16-49 gRNA

CCAATGGCTGACGAGTCATGGAG

—a

FIGURE 1 | Target-AID vector and targeted sites of rice HIST gene. (A) Schematic illustration for the Target-AID vector in this study. The engineered Cas9 nuclease
nCas9°°-PmCDAT* is under the control of the doubled caulifiower mosaic virus 35S promoter, and transcription was terminated with the Pea3A terminator from
Pisum sativum. The U6 promoter of rice (OsU6) was used to drive the expression of gRNAs. (B) Schematic map of the gene structure of HIST and the gRNA target
sites. The blue and gray boxes indicate translated and untranslated regions (UTRs) on exon(s), respectively; arrows show the positions and direction of gRNA on
HIS1 gene for Target-AID. The PAM motif (NGG) is shown in blue. The target nucleotides for base substitution are shown in red.
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Evaluation of BBC and Other bTH
Sensitivities of Genome-Edited Lines

The germination of Nipponbare (control) and genome-edited
rice seeds was induced with incubation at 30°C for 2 to 3 days
with 16-h light (40 umol m™ s™') and 8-h dark photoperiods.
Approximately 300 ml of soil specific for rice planting (Bonsol
Baido, Sumitomo Kagaku, Tokyo, Japan) were mixed with water
and deposited into plastic containers. Then, the germinated rice
seeds were placed upon the soil surface. Seedlings were grown at
30°C for 7 to 10 days in a greenhouse, with the water level being
maintained coincident with the soil surface. After the first leaves
expanded, either water only or water containing herbicide (BBC:
0, 0.37, 0.75, 1.49, 2.24, and 4.48 uM; MST: 0.13 uM; SLT: 0.14
uM) was added to each cup so that the surface of the soil was 30
to 40 mm below that of the liquid. The liquid level was then
maintained by occasional watering. Seedling growth was checked
after 14 days.

RESULTS AND DISCUSSION

Production of an his1 Knockout Genome-
Edited Line by Target-AID

The Target-AID system was used to produce a hisI knockout rice
line (hisl line). At four points on the HISI gene, 20 bp gRNA
sequences were designed (Figure 1B). One of such gRNA
sequences (16-47 gRNA) introduced a mutation in the start-
codon, with a G within the start-codon (ATG) on the second
exon being substituted by A. Consequently, the starting
methionine is converted to isoleucine (Figure S1A). This
makes translation initiation impossible; therefore, we predicted
that a knockout phenotype would emerge. The gRNA sequences
at the three remaining points were designed using AID to create
nonsense mutations: the first (16-49 gRNA) converts TGG-
encoding tryptophan at the second exon into a stop-codon
(TAA, TGA, or TAG; Figure S1B), the second (16-81 gRNA)
is also situated on the second exon and converts CAA encoding a
glutamine residue into a TAA stop-codon (Figure S1C), the final
gRNA sequence (16-82 gRNA) is situated on the third exon and
similarly converts CAA encoding a glutamine residue into a TAA
stop-codon (Figure S1D). We used the Target-AID system
carrying these gRNAs to edit the targets with the aim to
facilitate the production of knockout plants. We investigated

TABLE 1 | Mutation frequency at HIST targets using Target-AID.

the efficiency of mutation with the 16-47 gRNA for the start-
codon substitution and the other three gRNA sequences (16-49,
16-81, and 16-82 gRNAs) for the stop-codon creation. Following
antibiotic hygromycin screening, 83, 52, 65, and 33 regenerated
plants were obtained, respectively. For each mutation site, a
sequence analysis was performed. Consequently, the mutation
efficiency, including insertion, deletion, and substitution, was
12.0% for the 16-47 gRNA, 46.2% for the 16-49 gRNA, 36.9% for
the 16-81 gRNA, and 36.4% for the 16-82 gRNA. In addition, the
efficiency of indel integration was 9.6, 30.7, 7.7, and 9.1%,
whereas the efficiency of the substitution alone was 3.6, 15.4,
29.2, and 27.3%. Finally, the number of lines achieving the
targeted substitution rates was 3 (3.6%), 7 (13.5%), 9 (13.8%),
and 7 (21.2%) (Table 1, Figure 2). Therefore, efficiency was the
lowest for gRNA initiating the start-codon substitution. In
addition, biallelic mutations with only base substitution were
only found in one line (1.9%) with 16-49 gRNA.

As the efficiency of the start-codon substitution was lower
than that of the stop-codon creation, in the latter case, as there
are multiple sites for which gRNA can be designed within the
exon domain, a more efficient substitution target site could be
selected. However, for a start-codon substitution, only one
predetermined site can be used to design gRNA, and it may
not always be an optimal sequence.

The efficiency of the indel integration or point mutations
using Target-AID in this study was similar to that previously
reported for the OsFTIPle gene (nCas9%*-PmCDAI?) in rice
(Shimatani et al., 2017). In our previous report, we discovered
that UGI suppresses indel formation and improves the targeted
nucleotide substitution efficiency in mammalian cells (Nishida
et al,, 2016). However, no clear effect of UGI on indel frequency
was confirmed in plant cells (Nishida and Shimatani,
unpublished). Zhong et al. (2019) reported that the efficiencies
of substitution mutations using Cas9-NG (D10A)-PmCDAI-
UGI were 30 and 45%, respectively, which exceeds our
maximum efficiency (29.2%). Indel frequency also tended to be
slightly lower, suggesting the effect of UGI. Furthermore, a study
by Tang et al. (2019) reported that the production efficiencies of
base-substituted plants using STU-nCas-PmCDA1-UGI-tRNA
were 38.9 and 68.8%, which are both higher than our reported
production efficiency. However, the frequency of the indel lines
were 16.7 and 25.0%, respectively, and some test plots were
considerably higher than our results. These results suggest that
the use of UGI does not necessarily lead to increased substitution

Variety gRNA Regenerated Regenerated plants Regenerated plants with Regenerated plants with start
plants of Hyg® with indel mutants substitution mutants codon mutation or
creating stop codon
Nipponbare HIST 16-47 (Exon2) 83 8 (9.6%) 3 (3.6%) 3 (3.6%)
HIST 16-49 (Exon2) 52 16 (30.7%) 8 (156.4%) 7 (13.5%)
HIST 16-81 (Exon2) 65 5(7.7%) 19 (29.2%) 9 (13.8%)
HIST 16-82 (Exon3) 33 3(9.1%) 9 (27.3%) 7 (21.2%)

The transformed and hygromycin-resistant calli were analyzed by sequencing to identify mutation types. Percentage of T, plants found with mutations in the target sequence.
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FIGURE 2 | Sequencing chromatograms on nucleotide substitution regions in four his7 lines. Sequencing chromatograms showing the nucleotide substitutions by
Target-AID in 16-47, 16-49, 16-81, and 16-82 gRNAs in the HIST gene of a representative T, plant. Blue arrowheads indicate the wild-type nucleotide. Orange
arrowheads indicate nucleotide substitutions. The nucleotide sequences in the red box indicate the target codon.

efficiency by reducing indel frequency. Finally, the fact that
multiple lines or strains containing start-codon substitutions or
stop-codon creation mutations were produced for all four gRNA
sequences demonstrates that the mutation efficiency is at
practical levels in rice. In cases of start-codon substitutions or
stop-codon creation mutations using Target-AID, no new amino
acid sequence(s) caused by novel reading frames via frame shift
are occurring. This case may be considered another advantage
for approaches using Target-AID and other CBEs.

Confirmation of Off-Target Mutations

The Target-AID system is used for nucleotide substitutions
aimed at specific amino acid residue substitutions. As a result,
there are often situations in which the use of gRNA with off-
target candidates cannot be avoided. In this study, we
investigated how many mismatches with gRNA sequences
cause off-targeting.

A family of genes similar to the HISI gene (HISI-like gene:
HSL) exists in the rice genome on the sixth chromosome in the
form of five clusters. From the OsHSL proteins predicted in
previous reports, Os06g0176700 (HSLIA) and Os06g0178700
(HSLIB) are the most similar to HISI (87% sequence identity)
(Maeda et al., 2019). We investigated the presence/absence of oft-
target mutations, including these genes. As a result, we
confirmed an off-target mutation (11-base insertion) of HSLIB

in one out of the three plants within the genome-edited line (16-
47) targeting the start-codon sequence (Table S1). The 11-bp
insertion site of HSLIB was predicted to be a region where
cytidine deaminase would perform base substitution, and it was
presumed that the 11 bp sequence before this region was inserted
as a template. As a result, this region became a tandem repeat
sequence due to the 11 bp insertion sequence (Figure S2).

Conversely, we observed no off-target mutations in the
genome-edited lines for the creation of stop codons (Tables
$2-84). In the genome-edited plants generated with the 16-49
gRNA, no off-target mutations were observed despite the off-
target candidate genes on the sixth chromosome having 100%
homology with HISI, except for the PAM sequences (Table S2).
This result indicates that although the CRISPR-Cas9 system can
target any genomic region, depending upon the gRNA design,
the specificity of this system depends on the PAM located
directly under the target sequence. These target sites must lie
immediately 5" of a PAM sequence that matches the canonical
5'-NGG form, although recognition at sites containing alternate
PAM sequences (e.g., 5'-NAG) has also been reported, albeit at
less efficient rates (Jinek et al., 2012; Jiang et al., 2013; Pattanayak
et al., 2013).

As the HISI gene targeted in this study exhibited a high level
of homology with the HSL family, it seemed to be a case in
which single-base substitution of HISI is problematic. The data
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showed that only one plant had the off-target mutation (11-base
insertion) on HSLIB in a start-codon substitution (gRNA: 16-
47), with no other alternative codon. Thus, the creation of a
base substitution in a specific codon sequence was found to
infer more disadvantageous conditions for mutation efficiency
and off-target mutations compared with obtaining indel mutant
plants using CRISPR-Cas9. However, in this study, the
acquisition of the target base substitution was demonstrated
in all target regions and was without mutation(s) for any
candidate genes at the off-target sites. Even if off-target
mutations occur rarely, they can be detected and eliminated
during the selection process in crop breeding. This finding
indicates that the base substitution within the target region of
the rice genome has been extremely difficult for conventional
breeding, but it has been made possible using Target-AID. This

development can lead to more efficient and precise breeding in
the future.

Evaluation of BBC and Other B-Triketone
Sensitivities In Vitro

We created knockout rice lines by introducing mutations into
HISI via base editing followed by the evaluation of their BBC
sensitivity. For these analyses, the BBC-resistant cultivar
‘Nipponbare' was used as an original variety and homozygous
T; plants were used for the genome-edited line. The 16-47-31a
(single-base substitution) and 16-47-32b (12 base deletions) lines
carried mutations in the start-codon “ATG” composed of the 16-
47 gRNA among the four gRNA sequences designed for HISI
(Table 2). In contrast to the wild-type ‘Nipponbare' exhibiting
BBC resistance, these lines apparently acquired sensitivity to 0.1

TABLE 2 | Mutation pattern of genome-edited lines used for evaluation of BBC and other B-triketone sensitivity.

gRNA HIS1 genome-edited line Mutation pattern
Wild type GATCCAAGAACAAGAACACCAATGG
16-47 16-47-20b GATCCAAGAACAAGAACACCGAACACCAATGG 7-base insertion
gRNA (before ATG)
16-47-31a GATCCAAGAACAAGAACACCAATIG 1-base substitution
(ATG — ATA)
16-47-32b GATCCAAGAACAA-——————————— CTG 12-base deletion
(including ATG)
Wild type AACACCAATGGCTGACGAGTCATGGAGGG
16-49-1a AACACC ————————————————————— GG 21-base deletion
(including ATG)
16-49
gRNA 16-49-7a AACACCAATGGCTGACGAGTCATRRARGG 3-base substitution
(stop codon creation)
16-49-14b AACACCAATGGC ———————————————————— CGG 12-base deletion
(including ATG)
16-49-28a AACACCAATGGCTGACGAGTCATEAARGG 3-base substitution
(Trp Arg — Ser Lys)
Wild type GGCGATAGTGCAAGAGCTGGCGGCAGCLCGG
16-81 16-81-4b GGCGATAGTG'AAGAGCTGGCGGCAGCCGG 1-base substitution
gRNA (GIn — Glu)
16-81-9b GGCGATAGTGCAAGAGC ——————— AGCCGG 7-base deletion
16-81-10b GGCGATAGTGIAAGAGCTGGCGGCAGCCGG 1-base substitution
(stop codon creation)
Wild type TTCCAGATTCAAGGGTATGGAACTGACCGG
16-82-4b TI'CCAGATI'IAAGGGTATGGAACTGAOCGG 1-base substitution
16-82 (GIn — Glu)
gRNA
16-82-9b 'I'I'CCAGA'IT.AAGGGTATGGAACTGACCGG 1-base substitution
(stop codon creation)
16-82-9¢ TTCCAGATTCAAGG ——————————— ACCGG 11-base deletion

The target nucleotide for base substitution is shown in red. The PAM motif INGG) is shown in a light blue highlight. Mutation of nucleotide substitution is shown in a green highlight. Mutation
by insertion is shown in blue. Mutations by deletion are shown in ----. The yellow highlights show the start-codon.
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TABLE 3 | Evaluation of BBC and other B-triketone sensitivity in vitro.

gRNA HIS1 genome-edited line  Mutation pattern BBC

BBC-OH
0.4pM 0.1juM 0.3uM 0.05uM 0.1pM

Mesotrione Sulcotrione Tembotrione Tefuryltrione

0.051M 0.1yM  0.05uM 0.1yM 0.1uM 0.3uM

16-47-20b 7-base insertion R R R R R RS R RS RS RS R
(before ATG)
16-47
gRNA 16-47-31a 1-base substitution S S S SS SS S SS S SS S S
(ATG — ATA)
16-47-32b 12-base deletion S S S SS SS S SS S SS S S
(including ATG)
16-49-1a 21-base deletion S S S SS SS S SS S SS S S
(including ATG)
16-49 16-49-7a 3-base substitution S S S SS SS S SS S SS S S
gRNA (stop codon creation)
16-49-14b 12-base deletion S S S SS SS S SS S SS S S
(including ATG)
16-49-28a 3-base substitution RS RS RS RS S RS S RS S RS RS
(Trp Arg — Ser Lys)
16-81-4b 1-base substitution S RS S R R RS S RS S RS S
(GIn — Glu)
16-81 )
gRNA 16-81-9b 7-base deletion S S S SS SS S SS S SS S S
16-81-10b 1-base substitution S S S SS SS S SS S SS S S
(stop codon creation)
16-82-4b 1-base substitution R R R R R R R R R R R
(GIn — Glu)
16-82 o
gRNA 16-82-9b 1-base substitution S S S SS SS S SS S SS S S
(stop codon creation)
16-82-9c 11-base deletion S S S SS SS S SS S SS S S
Nipponbare Wild type R R R R R R R R R R R

Herbicide susceptibility of genome ediiting lines was tested in test tubes. SS: Leaves completely whitened (Sensitivity). S: Whitening, light green (Sensitivity). RS: Green (Middle of sensitivity

and resistance). R: Dark green (Resistance).

UM BBC and its hydrolysate, BBC-OH within a concentration
ranging from 0.1 to 0.3 uM (Table 3, Figures 3A, B). Meanwhile,
the 16-47-20b line with a seven-base insertion mutation before
the start-codon did not exhibit BBC sensitivity (Table 3).

The base substitution lines generated by Target-AID; 16-49-
7a, 16-81-10b, and 16-82-9b were made to create a stop-codon
on the second or third exon. In a 0.1-uM BBC and a BBC-OH
concentration ranging from 0.1 to 0.3 uM, these lines were
markedly more sensitive as compared with the wild-type
(Table 3, Figures 3C-E). Similarly, the deletion line on the
second or third exon; 16-49-1a, 16-49-14b, 16-81-9b, and 16-82-
9¢ also displayed BBC and BBC-OH sensitivity. There was no
difference in susceptibility to BBC and its hydroxide BBC-OH
among sensitive strains edited by genome editing. This supports
the results of Sekino et al. (2008) and Maeda et al. (2019), in
which BBC is a prodrug and the BBC-OH, is incorporated into
the plant and functions as an HPPD inhibitor, mediating
plant bleaching.

By contrast, in the 16-49-28a line using the 16-49 gRNA and
the 16-82-4b line using the 16-82 gRNA, a stop-codon was not
created because a substitution mutation to different nucleotide
from the purpose in the target region (C to G substitution).

Therefore, their resistance to BBC was maintained (Table 3,
Figure 4). Previous studies have shown that C to G substitutions
using Target-AID occurred relatively frequently behind to C to T
substitutions in yeast (Nishida et al., 2016). In addition, C to G
substitution was also observed in the OsFTIPle gene of rice
(Shimatani et al., 2018). The use of UGI may improve
efficiency while restricting C to T nucleotide substitution
(Komor et al., 2016; Nishida et al.,, 2016; Endo et al., 2019).
We are also currently examining the effect of UGI on nucleotide
substitution in rice.

All lines sensitive to BBC were also sensitive to bTHs,
including mesotrione (MST), sulcotrione (SLT), tembotrione
(TMT), and tefuryltrione (TFT) (Table 3, Figure 3). The lines
that underwent a base substitution to a different nucleotide from
the target retained resistance to bTHs. Unlike other bTHs, BBC-
sensitive lines were sensitive to higher concentration(s) of TFT.
A previous study showed that transformed lines expressing HSLI
did not manifest BBC resistance, however they showed increased
resistance to TFT (Maeda et al., 2019). The mechanism of action
of TFT may be slightly different from other bTHs.

These findings reconfirmed the previously reported result
that HISI is the primary gene determining BBC sensitivity/
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FIGURE 3 | Herbicide susceptibility of HIST genome-edited rice lines. Wild-type Nipponbare (A), his7 knockout lines by nucleotide substitution, HIS7-16-47-31a (B),
HIS1-16-49-7a (C), HIS1-16-81-10b (D), and HIS7-16-82-9b (E). Homozygous Tj rice seeds were germinated and grown on Murashige-Skoog (MS) solid medium
in the absence or presence of BBC (0.3 uM), BBC-OH (0.3 uM), MST (0.1 uM), SLT (0.1 uM), TMT (0.1 uM), or TFT (0.3 uM).
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FIGURE 4 | Herbicide susceptibility of HIST genome-edited rice lines. Herbicide susceptibility of wild-type Nipponbare (A), single-base (1 aa) substitution line (16-
82-4b) using Nipponbare with HIS7-16-82 as gRNA (B), and three-base (2 aa) substitution line (16-49-28a) using Nipponbare with HIS7-16-49 as gRNA (C).
Homozygous T3 rice seeds were germinated and grown on MS solid medium in the absence or presence of BBC (0.3 uM), BBC-OH (0.3 uM), MST (0.1 uM), SLT
(0.1 uM), TMT (0.1 uM), or TFT (0.3 uM).

resistance while using knockout lines created by genome editing  lines with a stop-codon creation. Consequently, as with in vitro
(Maeda et al., 2019). In addition, these results thus suggested the  testing, we confirmed withering due to BBC sensitivity in the hisI
possible application of hisI and genome editing to the breeding  base substitution line with varying BBC concentrations (Figure 5).

of crops sensitive to multiple bTHs. Meanwhile, in a test pot at 0.37 pM BBC concentration, no deaths

were observed, although growth was suppressed. These base
Evaluation of BBC and Other B-Triketone substitution lines also exhibited sensitivity to other bTHs, MST
Sensitivity in a Greenhouse (0.13uM), and SLT (0.14 uM) (Figure 6). This finding indicates that

In a temperature-controlled greenhouse, we evaluated sensitivityto ~ genome editing can produce hisI knockout rice varieties in a short
BBC and other B-triketones using the base-edited lines, includinga ~ period of time, including varieties and strains that acquired
T, his1 homozygous line with a start-codon substitution and three ~ sensitivity to BBC and other bTHs.
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BBC (0 uM)

BBC (0.37 uM)

BBC (0.75 uM)

BBC (2.24 uM)

FIGURE 5 | Concentration-dependent effects of BBC on the cultivar Nipponbare (WT, HIS7) and his7 homozygous mutant lines (Ts). 16-47-31a (1; start-codon
mutant), 16-49-7a (2; stop-codon creation), 16-81-10b (3; stop-codon creation), and 16-82-9b (4; stop-codon creation) were grown in a controlled environment.

WT 1

SLT: 014mM

FIGURE 6 | Effects of bTHs (MST, 0.13 mM; SLT, 0.14 mM) on Nipponbare (WT, HIS7) and the hisT homozygous mutant lines (Tg). 16-47-31a (1; start-codon
mutant), 16-49-7a (2; stop-codon creation), 16-81-10b (3; stop-codon creation), and 16-82-9b (4; stop-codon creation) were grown in a controlled environment.

These results indicate that varieties and strains having acquired
sensitivity to BBC and other bTHs can be produced quickly by his1
knockout using genome editing techniques, including Target-AID.
We also performed a sensitivity evaluation using commercially
available herbicides containing either BBC or MST. Consequently,
plant death was observed in all HISI genome-edited lines used in
the experiment (data not shown). In addition, phenotypes within

the temperature-controlled greenhouse for base substitution lines
used for evaluation of BBC and other B-triketone sensitivities were
not abnormal compared with the wild-type (Figure 7). This
desirable result suggests that the hisl rice line is not drastically
affected by knockout of HISI (e.g., the pleiotropic effect of reduced
expression). Conversely, the original role of hisl in rice plants has
not been elucidated yet. In the future, a more robust assessment of
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FIGURE 7 | T3 plants of homozygous his7 lines. Nipponbare (WT, HIST), the
his1 homozygous mutant lines (Ts) 16-47-31a (1; start-codon mutation), 16-
49-7a (2; stop-codon creation), 16-81-10b (3; stop-codon creation), and 16-
82-9b (4; stop-codon creation) were grown in a controlled environment.

the agronomic impacts of pinpoint hisl knockouts versus WT
lines in the same genome background under field conditions
should be conducted. Such hisI lines can quickly respond to the
agricultural goal of suppressing volunteer rice field infestation.
Given these results, a further evaluation of BBC sensitivity by
cultivation in outdoor paddy fields should be conducted.

In this report, his] knockout lines were created using base-
editing upon the BBC-resistant variety ‘Nipponbare' with almost all
lines acquiring BBC sensitivity. At present, we are attempting to
produce additional his! knockout lines via Target-AID using a
BBC-resistant practical variety specifically for livestock feed (data
not shown). One of the strategic advantages of suppressing the
occurrence of volunteer rice by using BBC and other bTHs is that
most japonica rice varieties grown for human consumption are
resistant to these herbicides. In addition, pinpoint gene editing will
be advantageous because it can avoid the linkage of vicinity
agronomically problematic traits (linkage drags) caused by
conventional crossbreeding. In the future, the production of feed
rice varieties with the control of volunteer rice infestation willlead to
further cultivation and utilization of high-yield feed rice varieties.

CONCLUSION

To reduce the occurrence of volunteer rice field infestation, we
created rice strains sensitive to the herbicide BBC via genome
editing. A strategy for start-codon substitution and stop-codon
creation by the targeted-AID system was used to create a hisI
knockout lines. As a result, hisI knockout lines with nucleotide
substitution showed sensitivity to BBC and other B-triketones.
These strains are expected to contribute to the suppression of
volunteer rice following spraying of BBC and other 3-triketones.
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In recent years, the research and development of genome editing technology have been
progressing rapidly, and the commercial use of genome-edited soybean started in the
United States in 2019. A preceding study’s results found that there is public concern
with regard to the safety of high-tech foods, such as genetically modified foods and
genome-edited foods. Twitter, one of the most popular social networks, allows users
to post their opinions instantaneously, making it an extremely useful tool to collect
what people are actually saying online in a timely manner. Therefore, it was used for
collecting data on the users’ concerns with and expectations of high-tech foods. This
study collected and analyzed Twitter data on genome-edited foods and their labeling
from May 25 to October 15 in 2019. Of 14,066 unique user IDs, 94.9% posted 5 or
less tweets, whereas 64.8% tweeted only once, indicating that the majority of users
who tweeted on this issue are not as intense, as they posted tweets consistently. After
a process of refining, there were 28,722 tweets, of which 2,536 tweets (8.8%) were
original, 326 (1.1%) were replies, and 25,860 (90%) were retweets. The numbers of
tweets increased in response to government announcements and news content in the
media. A total of six prominent peaks were detected during the investigation period,
proving that Twitter could serve as a tool for monitoring degree of users’ interests in
real time. The co-occurrence network of original and reply tweets provided different
words from various tweets that appeared with a certain frequency. However, the network
derived from all tweets seemed to concentrate on words from specific tweets with
negative overtones. As a result of sentiment analysis, 54.5% to 62.8% tweets were
negative about genome-edited food and the labeling policy of the Consumer Affairs
Agency, respectively, indicating a strong demand for mandatory labeling. These findings
are expected to contribute to the communication strategy of genome-edited foods
toward social implementation by government officers and science communicators.

Keywords: genome editing, SNS, co-occurrence network, sentiment analysis, public acceptance
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INTRODUCTION

Agricultural production is facing new challenges due to
the increasing world population, global climate change, and
change in consumers attitudes. To respond to these changes,
new breeding technology, such as genome editing, is highly
anticipated (Lusser et al., 2011; Yin et al., 2017; Ghogare et al.,
2019). Genome editing is an innovative technology that may
accelerate breeding by pinpointing and changing specific gene(s)
and nucleotide(s) related to yield, biotic and abiotic stress
tolerance, nutritional components, growth, and other factors
(Dale et al., 2017; Abe et al., 2019; Gomez et al., 2019; Romero
and Gatica-Arias, 2019). Genome editing has been used to modify
many crops, fish, livestock, and other living organisms; the first
commercialized genome-edited crop was the Calyno™ high-
oleic soybean', which has been cultivated in the United States
since 2019. In Japan, the Cross-ministerial Strategic Innovation
Promotion Program (SIP) of the Cabinet Office, which started
in 2014, and other projects financed by the government have
been the main supporters of the development of agricultural and
animal products through genome editing technology. Examples
include tomatoes rich in gamma-aminobutyric acid (GABA)
(Nonaka et al., 2017), potatoes with significantly reduced natural
toxins (solanine and chaconine) (Sawai et al., 2014), wheat with
altered dormancy (Abe et al., 2019), red sea bream (Kishimoto
et al., 2018) and Japanese pufferfish (Kuroyanagi et al., 2018),
which have been modified to grow rapidly with more edible meat.

The social implementation of genome-edited products
requires three main conditions: (i) the governments handling
policy, (ii) intellectual property rights, and (iii) public acceptance
(Tabei, 2019a). Japan has just established basic handling systems
of genome-edited organisms and foods. This means that if
the editing process involves only changes in the genetic code
within the range of natural mutation, and no foreign DNA
sequence exists in the edited organism’s genome, the derived
genome-edited food (hereinafter “genome-edited food”) may be
exempt from regulation as genetically modified (GM) foods
under the Food Sanitation Law (Tabei, 2019b). Notification,
not safety assessment, is required for genome-edited foods
before commercialization. Intellectual property rights cannot
be discussed here because it largely depends on individual
conditions. Public acceptance is considered essential for its
implementation (Araki and Ishii, 2015), and a major premise
here is product development that benefits both producers and
consumers. A preceding study’s results found that there is
some public concern with regard to the safety of high-tech
foods produced using new breeding techniques (Malyska et al.,
2016). For genome-edited crops, close communication of risks
and benefits has been proposed for future social integration
(Ishii and Araki, 2016). To achieve this, understanding
the opinions, concerns, and expectations of consumers is
considered important.

Generally, questionnaire surveys have been carried out to
identify consumer interests and concerns. This method has the
great advantage of garnering more information through answers

Uhttps://calyxt.com/first-commercial-sale- of- calyxt- high- oleic-soybean-oil-on-
the-u-s-market/

to detailed questions, along with the information about the
respondent’s background. On the contrary, this method comes
with some shortfalls. First, it is difficult to collect the ideal
quantity of opinions in a timely manner and therefore analyze
it in response to changing social situations. Second, it has
been suggested that surveys do not capture the conversational
or hierarchical nature of public opinion formation and that
the operationalization of survey questions leads to a narrow
definition of public opinion (McGregor, 2019). Recently, social
media networks, such as Twitter, have demonstrated to be
major drivers of news dissemination and public discourse. It
provides a vast amount of semi-structured data in nearly real
time and gives a direct access to contents of conversations
(Miiller et al., 2019). Whittingham et al. (2020) analyzed Twitter
posts that discussed genetically modified organisms (GMOs)
and found that personality (individual differences in one’s
tendency to show consistent patterns of thinking, emotion, and
behavior) and values (learned beliefs about one’s preferred way of
action or existence) significantly affected GMO risk perception.
Twitter discourse regarding clustered regularly interspaced short
palindromic repeats (CRISPR), a genome editing technology, was
recently investigated using semantic network analysis (Calabrese
et al, 2019) and sentiment analysis (Miiller et al, 2019).
Therefore, we surmised that Twitter analysis could be applied to
collect fresh voice on genome-edited foods because it would be
possible to quickly collect information on the aspects that people
are concerned about or interested in with regard to changes in the
situation surrounding genome-edited foods.

2019 was a milestone year for the regulation of genome-
edited products in Japan. The Ministry of Environment and
five other ministries released policies for handling genome-
edited organisms (Tabei, 2019b). As for labeling of genome-
edited foods, on June 20, in a subcommittee meeting, the
Cabinet Office’s Consumer Committee implied that mandatory
labeling for genome-edited products would be difficult (Cabinet
Office’s Consumer Committee, 2019). On September 19, the
Ministry of Health, Labour and Welfare (MHLW) published a
notification on genome-edited foods, announcing that it would
be implemented from October 1 onward (Ministry of Health,
Labour and Welfare, 2019). At the same time, the Consumer
Affairs Agency (CAA) revealed their policy on voluntary labeling
of genome-edited foods. There was also much discussion about
the labeling of GM crops. Consumers demanded clear labeling to
guarantee transparency, and in 2001, the Ministry of Agriculture,
Forestry and Fisheries (MAFF) and the MHLW issued a labeling
policy that lead to mandatory labeling of GM foods if the
transgene can be detected (ISAAA, 2006). With regard to the
commercialization of genome-edited foods, labeling is likely
be a prevalent discussion. So, it seemed important to evaluate
how the general public expressed their opinions and responded
before and after the labeling policy was announced. Therefore,
we decided to narrow our Twitter analysis to tweets related
to the labeling of genome-edited foods. In this study, we
collected Japanese Twitter data and investigated the relation
between government announcements and news published by
media. Furthermore, the appearance of words in tweets was
investigated using co-occurrence networks, and emotions were
determined using sentiment analysis. From these results, the
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use of Twitter analysis for knowing users’ opinions with regard
to genome-edited foods and their labeling and its potential
contribution to the communication strategy toward social
implementation was discussed.

MATERIALS AND METHODS
Collecting Twitter Data

To explore public concern regarding genome-edited foods and
their labeling, Twitter data were collected from a cloud software,
Mieruka Engine® (Plus Alpha Consulting Co., Ltd., Tokyo,
Japan), from May 25 to October 15, 2019, with the search string
“genome editing (which included ‘genome-edited’ in Japanese)
AND labeling” in Japanese. We performed Mieruka Engine®
searches using API provided by the NTT DATA Corporation
(Tokyo, Japan), which has the resale rights of Twitter data in
Japan. The use of materials for data analysis is permitted by the
Copyright Act of Japan.

Refining Twitter Data

There are three types of tweets: original tweets, reply tweets, and
retweets. In our study, retweets were regarded as partially or fully
agreeing with the opinions of the original tweeters. Although
tweet redundancy increases the chance of opinions influencing
many people, we excluded duplicates for an accurate analysis.
The collected tweet data were refined according to the following
rules: (i) if a Twitter user tweets or retweets the same text multiple
times, whether intentional or not, only one of them is analyzed;
(ii) if the duplicate tweets were from different people, those texts
are all subject to analysis — this happens frequently in retweets;
and (iii) if a tag or link is different but the text is the same, it is
considered the same tweet.

User Profile Data

Twitter users registered their profiles when creating their
accounts; some left them blank. For users without profiles,
Mieruka Engine® predicted their profiles when possible. Unique
user IDs posted from May 25 to October 15 were collected
and counted. Because of system rules, user profiles of tweets
from June 15 to October 15 were available in Mieruka Engine®.
To verify whether the same users tweeted repeatedly on
this issue, unique user IDs were categorized based on tweet
counts (including original, reply tweets, and retweets) posted
during this period.

Tweet Peak Detection

During data collection, the tweet count (i.e., original, replies,
and retweets) increased sharply on several occasions. Prominent
peaks were detected with Python (version 3.7.6), using SciPy
1.4.1. The prominence of a peak allows measurements of the
degree to which a peak is protruding, depending on its position
in relation to other peaks. A prominence cut-off of 300 was set to
detect important peaks evenly over the entire period of the study.
When peaks were detected, influential events were determined
from the content of each tweet.

Analysis of Appearance Pattern of Words

in Tweets by Co-occurrence Network

On September 19, the MHLW announced that the notification
of genome-edited foods would start on October 1, and the
CAA declared that labeling of genome-edited foods should not
be mandated. To examine the overall picture of how users
discussed genome-edited foods and their labeling in response
to governments announcements, we created co-occurrence
networks based on tweets posted from September 19 to 22.
At first, we analyzed 530 original and reply tweets excluding
retweets using the free text-mining software KH Coder (Higuchi,
2016). Then we analyzed all 5,410 tweets by the same method
described above. Before analysis, we modified the text data
of the tweets as follows: (i) we converted half-width Japanese
characters to full-width Japanese letters, full-width numbers
and English letters to half-width numbers and English letters,
respectively; (ii) we excluded URLs and the string of ASCII
characters that are considered punctuation characters; and (iii)
we normalized Unicode strings. We also excluded some words
as stop words (Supplementary Table 1). We determined the
degree of association between words using the Jaccard coefficient
(Romesburg, 1992).

Sentiment Classification of User’s
Opinion on Genome-Edited Foods and
Labeling

To infer users’ opinions on these policies, original and reply
tweets posted during the same period in the former section
were selected for classification according to sentiment on
genome-edited food and its labeling. Oftentimes, the sentiments
expressed for “genome-edited food” and “labeling” in tweets
differed; therefore, they were counted independently, and
text and information provided by the URL link were used
to determine the sentiments. Three researchers differentiated
Twitter sentiment into three groups: positive, negative, and
neutral. Tweet classification was performed using the criteria in
Table 1. In addition, the sentiment of each tweet in the same data
set was also determined using the “positive-negative analysis”
function of the Mieruka Engine® software.

RESULTS

Tweet Data and User Profiles

From the 29,299 tweets that were extracted with the search string
“genome editing (which included ‘genome-edited’ in Japanese)
AND labeling” in Japanese, 577 were excluded in accordance
with the policies laid out in the “Materials and Methods” section.
Thus, the dataset consisted of 28,722 tweets of which 2,536 tweets
(8.8%) were original tweets, 326 tweets (1.1%) were replies, and
25,860 tweets (90%) were retweets.

To learn about the kind of people who were interested in
the labeling of genome-edited foods, we categorized the age and
gender of unique user IDs (Table 2). Of 14,066 unique user IDs,
gender and age profiles were available for 12,016. While user
profile accuracy is not guaranteed, 8,817 (73.4%) were male, and
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TABLE 1 | Tweet classification criteria for sentiment analysis.

Sentiment Criterion

Positive This category includes tweets that accept genome-edited food or government policies, explain the technology scientifically, or elucidate the
reason for non-mandatory labeling.

Negative This category consists of tweets against genome-edited foods and MHLW/CAA policies or those that call for a signature petition of severe
regulation. Many of them include the following terms: “scary,” “don’t want to be distributed,” “right not to eat,” “don’t want to buy,” “don’t
want to eat,” “dangerous,” etc.

Neutral This category includes tweets that are neutral on genome-edited food/labeling or are just publicizing government policies, etc.

TABLE 2 | Unique user IDs categorized by age and gender.

Age Gender Total
Male Female

10s 168 (1.9 110 (3.4) 278 (2.9
20s 1,270 (14.4) 632 (19.8) 1,902 (15.8)
30s 1,748 (19.8) 1,254 (39.2) 3,002 (25.0)
40s 834 (9.5) 524 (16.4) 1,358 (11.3)
50s and over 4,797 (54.4) 679 (21.2) 5,476 (45.6)
Total 8,817 (100.0) 3,199 (100.0) 12,016 (100.0)

The numbers on the left represent the number of unique user IDs of all
tweets posted from June 15 to October 15. The numbers in parentheses
indicate percentage.

3,199 (26.6%) were female. As for age distribution, the ratio of
users in their 10s and 40s were low, accounting for only 2.3% and
11.3%, respectively, while, users in their 30s and 50s and above
were relatively high, at 25% and 45.6%, respectively. In particular,
users in their 50s and older were the largest group among male
users while users in their 30s were the largest group among female
users (Table 2).

To verify that the same users tweeted repeatedly in each
peak, unique user IDs were categorized based on tweet counts
(Supplementary Figure 1). The study found that 94.9% of user
IDs posted five or less tweets, in particular 64.8% and 17.3%
posted tweets only once and twice, respectively, whereas 94.9%
posted five or less tweets. Two user IDs were noted to post
more than 100 tweets, and the maximum tweet count per
user ID was 201.

Changes in Tweet Count and Influential

Events

We investigated the time course of daily tweet numbers to reveal
the responses to information related to the labeling of genome-
edited foods. Figure 1 shows the change in the daily number of
tweets from May 25 to October 15. The tweet count ranged from
1 to 3,426 a day. During this period, we also identified six specific
peaks. Table 3 summarizes the date and tweet count in the peaks
as well as influential events (e.g., government announcements,
media reports, and so on).

When it was expressed in a subcommittee meeting of the
Cabinet Office’s Consumer Committee that mandatory labeling
for genome-edited foods would be difficult, many users posted
tweets in response to news regarding it. This is a key reason for
the significant increase in tweet count compared to the period

before June 21 and thus formed the peak in Figure 1(a). The
MHLW then began collecting public comments on the procedure
for submitting information on genome-edited foods (Ministry
of Health, Labour and Welfare, 2019). Many media networks
covered the direction of notification, which was a trigger to form
the peak in Figure 1(b).

The third peak, Figure 1(c), several tweets mentioned a
tweet by an opposition politician insisting mandatory labeling
and tweets introducing newspaper or website articles, and most
tweets were about campaigns to collect signatures demanding the
mandatory labeling of genome-edited foods.

The fourth peak, Figure 1(d), shows that the tweet
count rose immediately after the government announced its
handling policies on genome-edited foods on September 19.
The MHLW announced that starting October 1, it would
be requiring notification, not safety assessment, for genome-
edited foods before commercialization. The CAA, meanwhile,
announced that the labeling policy for genome-edited foods
was non-obligatory but recommended that developers provide
as much information to consumers as possible. News about
the government’s policies were publicized by many media
outlets over 2 days from September 19 to 20. The increase
in tweet count on September 20 appears to be because of
widespread tweeting. Many tweets tried to publicize the fact
that genome-edited food labeling is not mandatory, of which a
few were positive opinions. Examples include “It is reasonable
that labeling of genome-edited food is voluntary, as it is
scientifically indistinguishable from existing food,” and “It's not
good to just look at the word genome editing and post negative
messages.” However, there were also many negative opinions
expressing concern that one could unwittingly buy genome-
edited foods.

The fifth peak, Figure 1(e), was mainly caused by much
news that introduced genome editing technology and reviewed
government’s policies, which were widely publicized in TV
programs, newspapers, and so on. These included a special TV
program aired by the Japan Broadcasting Corporation (NHK),
editorial articles, and others. There were also many tweets about
petitions to collect signatures for mandatory labeling. The tweet
count on September 25 was 3,426, the highest number during the
analysis period.

The cause of the sharp increase in tweet count on October
7, the peak in Figure 1(f), was unclear. No major event
seemed to have occurred, but there were various kinds of
tweets regarding news about labeling, signature activities that
oppose to non-obligatory labeling, and so on. Moreover, a
newsletter article posted on a bulletin board system (BBS), the
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TABLE 3 | Changes in tweet counts in response to influential events.

Peak? Date Influential events? No. of all No. of No. of Prominence®
tweets original retweets
and reply

(@) 6/21 A subcommittee meeting of the Cabinet Office’s Consumer Committee 535 54 481 436
stated that it is difficult to make the labeling of genome-edited foods
mandatory on June 20.

(b) 6/30 The Ministry of Health and Welfare (MHLW) began to collect public 569 13 556 566
comments on genome-edited foods from June 27.

() 8/13 An opposition politician posted a tweet on August 13 insisting mandatory 802 13 789 799
labeling of genome-edited foods.

(d) 9/20 The MHLW and the Consumer Affairs Agency announced their policies for 2,569 275 2,294 2,239
handling and labeling genome-edited foods on September 19.

(e 9/25 Many news introducing the basis of genome editing technology and 3,426 142 3,284 3,387
reviewing government’s policies were widely publicized in TV programs,
newspapers, and so on.

) 10/7 There seemed to be no major events, but there were various kinds of 1,397 129 1,268 1,297

tweets on news, signature activities, and so on.

aThe first column represents the peaks in Figure 1. Pinfluential events include government announcements, mass media, and tweets by influential public figures. ©The

prominence of each peak is calculated using SciPy 1.4.1, which is module of Python.

largest in Japan, was tweeted and retweeted. This BBS often
discusses opposition to social trends and events that have not
spread to society.

Words in Tweets by Co-occurrence

Network
Using co-occurrence networks, we analyzed the appearance and
relevance of words in original and reply tweets, and all tweets

including retweets posted from September 19 to 22 and compared
patterns of the two networks.

In the co-occurrence network of original and reply tweets
without retweets, seven clusters were observed (subgraphs
1-7; Figure 2A), which had the following characteristics:
Subgraph 1 consisted of words mainly related to genome-
edited, food, mandatory labeling, and consumer, which were
discussed in the context of the obligatory labeling of genome-
edited foods. Furthermore, the word the Nikkei (referring to
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the Nikkei newspaper) was strongly related to the words food
labeling, obligation, and distribution system; it was speculated
that the content published in the Nikkei uses the above
words. Subgraph 2 contained two words: technology and use.
Subgraph 3 consisted of three words - breeding, producer,
and obligate — which points toward people asking producers
for mandatory labeling. Subgraph 4 consisted of two words:
voluntary and provision of information. It shows that many
tweeters were concerned about the provision of information
(in the notification to the MHLW) being non-mandatory.
Subgraph 5 consisted of tweets regarding news of government
policies and the commercialization of genome-edited foods, and
an article from Asahi Shimbun (Asahi newspaper) influenced
this subgraph. Subgraph 6 was influenced by tweets regarding
studies on potatoes without harmful substances and fast-
growing red sea breams, as well as tweets about the resulting
public anxiety. Subgraph 7 contained two words: Japan and
United States and FTA. Tweeters were concerned that the
United States-Japan FTA might result in the import of
undesirable genome-edited foods because of pressure from
the United States.

However, in the co-occurrence network of all tweets, two
large clusters consisting of 12 and 7 words and two small
clusters containing two words were formed. Concerns about
food supply and Japanese agriculture formed a cluster (subgraph
1, Figure 2B); which included words such as seed, agriculture,
control, and CRISPR. In addition, these words were also co-
occurring with words in subgraph 1, such as DuPont, monopoly,
pilot farm, and Koizumi, a member of the Japanese Diet, i.e.,
Japanese parliament, regarded as a key player in abolishing the
Major Crop Seeds Act. Representative contentions of the tweets
related to this cluster were “CRISPR-Cas9 is a carcinogenic
enzyme,” “the abolition of Major Crop Seeds Act would cause the
control of Japanese agriculture by foreign-affiliated companies,”
“promotion of local production for local consumption,” and so
on. These words were associated with the concern that foreign
companies would control or monopolize crop seeds. Another
cluster (subgraph 2, Figure 2B) was formed by the users’ anger
toward the CAA’s policy of not imposing mandatory labeling,
and concerns about children’s health and food safety. The terms
in this cluster were mass media, get angry, no labeling, parents,
child, crazy, and welcome. The word welcome was used in the
context of criticizing news which welcomed genome editing
technology, and does not pertain to agreement with the CAA
policy. Other small clusters contained such terms as Main
Crop Seeds Act, abolish, the Ministry of Agriculture, Forestry
and Fisheries, notification, and so on. Tweets with such words
seemed opposed to genome editing or to the government’s
agricultural policies.

The co-occurrence network of original and reply tweets
provided different words from various tweets that appeared
with a certain frequency, and many of them were derived
from news contents. However, the network derived from
all tweets seemed to concentrate on words from specific
tweets with negative overtones, and the variety of words that
appeared in the network was biased, resulting in a simple
network diagram.

Sentiment Analysis of Tweets on
Genome-Edited Food and Labeling

Five hundred and thirty original and reply tweets posted during
4 days after the government announcements from September
19 to 22 were classified as positive, negative, and neutral based
on sentiments on genome-edited food and labeling (Table 4).
Three researchers performed the classification. For some tweets,
Twitter’s character limit (140 Japanese characters) and chatty and
colloquial style of tweets complicated sentiment judgment. In
instances where the classification of a given tweet among the three
researchers was inconsistent, the sentiment agreed by two of them
was adopted. When there were three different judgments for a
tweet, it was classified as neutral. There were 190 (35.8%) and
122 (23.0%) tweets indicating inconsistent judgment among three
researchers for genome-edited foods and labeling, respectively.

There were tweets in which users tried to convey scientific
knowledge to other users, such as explaining the difference
between genome editing and genetic modification, and such
tweets were classified as “positive.” Tweets that include phrases
such as “want to eat” and “want to buy” were also under
“positive.” Under the “negative” classification were tweets against
MHLW/CAA policies, those that call for a signature petition
for stricter regulations, and so on. Tweets that mention articles
that clearly criticize the government’s policies were also classified
as “negative,) Most “neutral” tweets were those that simply
publicized news by mass media networks.

Of the 530 original and reply tweets posted during the period,
289 (54.5%) opposed genome-edited food, and 37 (7.0%) were in
favor of it. With regard to the CAA policy, 333 (62.8%) tweets
were negative and 27 (5.1%) were positive (Table 4). Among the
37 positive tweets about genome-edited food, 24 were in favor of
the CAA policy and 8 were against it, for example, “It is better that
it is labeled, because I want to buy and eat it.” 204 tweets (38.5%)
were neutral toward genome-edited food, but 39 opposed the
non-mandatory labeling; for instance, “Aside from the discussion
on whether genome-edited foods are safe, its labeling is necessary
for consumers to have a choice.”

For comparison, the sentiment for each tweet was determined
using the Mieruka Engine® software, which did not consider the
respective sentiments for genome-edited food and labeling policy
in a tweet. Of the same 530 tweets mentioned above, 79 tweets
(14.9%) were determined to be positive, while 97 (18.3%) were
determined to be negative.

DISCUSSION

Genome editing technology is expected to rise in fields such as
medicine and agriculture. However, science and technology are
not autonomous entities, and research trajectories are largely
influenced by public opinion; even if crops produced using new
breeding techniques do not fall under GMOs, commercializing
them is by no means easy (Ishii and Araki, 2016; Malyska et al.,
2016). The public tends to have a vague anxiety about advanced
technology that they are not familiar with. Therefore, public
acceptance of innovative technology, such as genetic modification
or genome editing, is an important requirement for its social
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TABLE 4 | Types of sentiments on genome-edited food and its labeling expressed in each tweet posted from September 19 to 22, 20192,

Labeling
Positive Negative Neutral Total?
Genome-edited food Positive 24 8 5 37 (7.0)
Negative 0 286 3 289 (54.5)
Neutral 3 39 162 204 (38.5)
Total 27 (5.1) 333 (62.8) 170 (32.1) 530 (100.0)

aTweet classification was performed by three researchers using the criteria in Table 1. °The numbers in parentheses indicate percentage.

implementation. In the 1990s, when GM foods began to be
distributed in Japan, there was much debate about labeling to
ensure consumers right to select non-GM foods. As a result,
the MAFF and MHLW started the labeling system for GM
food in 2001 (ISAAA, 2006; Umeda, 2014). It was assumed that
labeling would be a major issue for the social implementation
of genome-edited foods; therefore, Twitter analysis relevant to
genome-edited foods and their labeling was started.

In this survey, among user IDs whose profiles were available,
71.5% were male, and male users in their 50s and older
outnumbered male users in other age groups (Table 2). Females
in their 30s were the most among all age groups of female users.
Generally, Twitter users are relatively evenly distributed across
all ages although the number of males in their 40s and females
in their 20s tend to be slightly more than other ages’. The reason
for the deviation in our study was not clear, but users with these
profiles were most interested in genome-edited foods and their
labeling. A total of 94.9% of user IDs posted five or less tweets,
in particular 64.8% tweeted only once. The majority of the users
who tweeted about this issue do not seem as intense as they posted
tweets consistently.

The study retrieved a total of 29,299 tweets from May 25
to October 15 in 2019 (142 days) using the search string
“genome editing (which included ‘genome-edited’ in Japanese)
AND labeling” in Japanese with a maximum tweet number per
day of 3,426. To compare the number of tweets on this issue and
another much-discussed political issue, tweets on a political issue
(i.e., the Tokyo gubernatorial election) were retrieved using the
Mieruka Engine® from June 29 to July 29, 2020. The maximum
tweet count per day reached 1,343,045 tweets on the election
day: June 5. In terms of the Fukushima Daiichi Nuclear Power
Plant accident, which was directly related to life-threatening and
energy problems, approximately 25 million tweets were posted
within a span of 195 days, and the maximum tweet count per
day was more than 640,000 (Tsubokura et al., 2018). Comparing
these politically and socially hot topics, the issue on labeling of
genome-edited food seemed to draw less attention on Twitter.
Typically, surveys on public opinion are conducted and targeted
several thousands of samples, which are nationally representative.
In the present study, online discourse and extent of users’ interest
on the labeling of genome-edited food were successfully obtained,
although bias in Twitter users or limited number of tweets posted
on this issue should be considered. To collect opinions from a

Zhttps://gaiax-socialmedialab.jp/post-30833/

diverse or targeted range of people, questionnaire surveys should
be used together.

To ascertain users’ opinions with regard to the labeling of
genome-edited foods, Twitter data were collected from May
25 to October 15 using the search string “genome editing
(which included ‘genome-edited’ in Japanese) AND labeling.”
Throughout this period, the tweet count changed significantly in
response to government announcements and news published by
the media and other information sources. A spike in the tweet
count may be an indication of growing concern among Twitter
users (Figure 1 and Table 3). An analysis of the sentiments
accompanying original and reply tweets revealed that 289 tweets
(54.5%) displayed negative sentiments toward genome-edited
foods. Uchiyama et al. (2019) reported the results of an attitude
survey on the internet that showed that 43% and 47% of Japanese
citizens answered that they did not want to eat genome-edited
crops and livestock products, respectively, similar to the results of
sentiment analysis in present study. To reveal the reason for this
evasion, a more comprehensive analysis of opinions regarding
genome-edited foods and the application of genome editing
technology to food would be necessary while using a data set not
limited to labeling. With regard to the non-mandatory labeling
policy of the CAA, 333 tweets (62.8%) opposed it. Sentiments
for genome-edited foods and their labeling policy displayed
different tendencies. All negative tweets about genome-edited
foods were negative or neutral about the labeling policy. However,
among tweets that were positive about genome-edited foods,
some tweets were negative about the labeling policy. Therefore,
the percentage of negative tweets about labeling policy was higher
than that for genome-edited foods itself, indicating a strong
demand for mandatory labeling, as was the case of GM crops
of which labeling was requested by consumers because they had
doubts about its safety and wanted to avoid GM foods (Umeda,
2014). These findings highlighted the need to inform people
regarding the rationale behind the CAA policy of non-mandatory
labeling. A technical reason exists for the non-mandatory
labeling of genome-edited foods, because distinguishing between
genome-edited foods and those developed using conventional
breeding is difficult.

Sometimes, the Twitter character limit (140 characters) and
the chatty, colloquial style of tweets complicated sentiment
judgment, resulting in approximately one-quarter to one third
inconsistent tweets among the three researchers. Sentiments
determined by the Mieruka Engine® software tended to be
positive more than those determined by researchers in this study.

Frontiers in Plant Science | www.frontiersin.org

127

October 2020 | Volume 11 | Article 535764


https://gaiax-socialmedialab.jp/post-30833/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Tabei et al.

Twitter Conversation on Genome-Edited Foods

Sentiment analysis of the software was conducted by determining
the presence of words in positive and negative categories, and not
by the context. This might be a reason for the difference between
the two methods. For high-volume and automated processing,
the deep learning of text data could potentially allow for the
identification of complex sentence structures, taking into account
multiple word combinations, and lead to improvement in the
accuracy of sentiment analysis.

Retweets accounted for 90% of total tweets in our study; co-
occurrence networks were significantly different with or without
retweets because of an increase of the proportion of specific
words in retweets (Figure 2). There are several finding on
retweets. Boyd et al. (2010) found that people prefer retweets
that contain breaking and timely news. Naveed et al. (2011)
found that tweets that address public events or include emoticons
that reveal more negative emotions than positive ones are
likely to be retweeted; Negative tweets are generally more often
retweeted than positive ones regardless of their subject matter
(Stieglitz and Dang-Xuan, 2012; Tsugawa and Ohsaki, 2015).
These findings are consistent with our results on co-occurrence
networks that words from tweets with a negative tone increased
when adding retweets to the analysis. Such retweets, which were
made up majorly of tweets obtained in our study, might be
a product of the increasing disaffection and anxieties of users
about the labeling policy. The negative opinions of users, revealed
by a co-occurrence network and sentiment analysis, seem to
imply the direction of communication strategy of genome-
edited food.

The acceptance of GM crops increased among consumers
who understood the benefits of GM crops, such as reduced CO;
emissions (Council for Biotechnology Information Japan, 2017).
For some genome-edited crops that are currently being developed
in Japan, it is expected that consumers easily understand their
benefits; some examples of such crops are high-GABA tomatoes
(Nonaka et al., 2017) and potatoes without harmful substances
(Sawai et al., 2014). It might be easier to achieve public acceptance
and to realize social implementation for such crops. This study
indicated the potential of Twitter as a real-time indicator of users’
concern. When releasing genome-edited crops into the Japanese
market, it is likely that there will be discussions about them
pros and cons, and it would be significant to continue analyzing
opinions for them.

CONCLUSION

Twitter analysis allowed us to quickly access online discourse
in response to government announcements and media
reports. Through this study, we were able to identify the
information that Twitter users were interested in and also
their apprehensions with regard to genome-edited foods
and their labeling. These findings may contribute to the
communication strategy of genome-edited foods with regard
to its social implementation, for example, in case erroneous
information spreads, corresponding scientific facts could be
provided. However, there are certain disadvantages of Twitter
analysis such as the limit on information that can be derived

from each tweet due to the character limit (140 Japanese
characters), colloquial style, and bias among Twitter users.
To achieve a more detailed and accurate analysis, using a
combination of a Twitter analysis and other methods, such as
questionnaire surveys, would help cover for the deficits of the
Twitter analysis. Furthermore, it will be meaningful to analyze
consumers’ opinions and attitudes at the first commercialization
of genome-edited food employing data mining by deep learning,
considering many complex factors, such as social situation
surrounding genome-edited foods, news content, online
discourse or questionnaire survey, and individual profile, among
others, in the future.
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Global population is predicted to approach 10 billion by 2050, an increase of
over 2 bilion from today. To meet the demands of growing, geographically and
socio-economically diversified nations, we need to diversity and expand agricultural
production. This expansion of agricultural productivity will need to occur under
increasing biotic, and environmental constraints driven by climate change. Clustered
regularly interspaced short palindromic repeats-site directed nucleases (CRISPR-SDN)
and similar genome editing technologies will likely be key enablers to meet future
agricultural needs. While the application of CRISPR-Cas9 mediated genome editing
has led the way, the use of CRISPR-Cas12a is also increasing significantly for genome
engineering of plants. The popularity of the CRISPR-Cas12a, the type V (class-ll)
system, is gaining momentum because of its versatility and simplified features. These
include the use of a small guide RNA devoid of trans-activating crispr RNA, targeting
of T-rich regions of the genome where Cas9 is not suitable for use, RNA processing
capability facilitating simpler multiplexing, and its ability to generate double strand breaks
(DSB) with staggered ends. Many monocot and dicot species have been successfully
edited using this Cas12a system and further research is ongoing to improve its efficiency
in plants, including improving the temperature stability of the Cas12a enzyme, identifying
new variants of Cas12a or synthetically producing Cas12a with flexible PAM sequences.
In this review we provide a comparative survey of CRISPR-Cas12a and Cas9, and
provide a perspective on applications of CRISPR-Cas12 in agriculture.

Keywords: CRISPR, Cas9, Cas12a, NHEJ, base editing, PAM, temperature sensitivity, agriculture

INTRODUCTION

Innovation has always been the driver of agricultural advancement from the earliest days of
domestication to today’s machine learning-based genomic selection technologies. Although the
green revolution provided the caloric increase to sustain the current global populations, this energy
intensive form of agriculture is beginning to plateau (Food and Agriculture Organization of the
United Nations, 2013). Future global agricultural production will depend increasingly on tools
and technologies to improve sustainability and deliver more nutritious crops that will lessen our
dependence of animal-based protein and deliver new fiber and plant medicinal products to market.
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Unprecedented social and political resistance blocked the
broad dissemination of genetically modified crops (GM crops),
which has resulted in only a handful of traits being successfully
introduced to the market. The precision, ease and low cost
of engineered genomes using genome editing technologies
promises to greatly reduce the technological and economic
restrictions associated with Genetically Modified Organisms
(GMOs), but public acceptance is by no means guaranteed
(Smart et al., 2017; Callaway, 2018). Nevertheless, plant scientists
from industry and academia around the globe have embraced
the technology for numerous applications including gene
knockouts, fine-tuning gene expression through transcriptional
activation/repression, inducing epigenetic changes, multiplex
gene editing, and base editing applications in crops. Importantly,
the reagents for genome editing can be delivered into the
cell without incorporating DNA into the genome (Svitashev
et al., 2016; Zhang et al, 2016; Ma et al, 2020) and result
in mutations that are identical to those occurring in nature,
potentially simplifying the regulatory process associated with
traditional GMO crops. Indeed, regulation itself is challenging
with many genome editing events as it can be technologically
challenging if not impossible to differentiate between a genome-
edited change and one that occurs naturally. Consequently,
editing by Clustered regularly interspaced short palindromic
repeats (CRISPR) and CRISPR-associated proteins (Cas) is not
only gaining popularity as a trait development tool, but also in
achieving legal/regulatory approvals for product development in
many countries (Schmidt et al., 2020).

Among clustered regularly interspaced short palindromic
repeats (CRISPR) systems, Cas9 and Cas12a (originally identified
as Cpfl) (Zetsche et al., 2015) have been most widely utilized
and thus are most advanced in application. While the CRISPR-
Cas9 system is still the most popular plant genome editing tool,
the CRISPR-Casl2a nuclease is gaining broader adoption for
multiple applications. One of the major limitations of CRISPR-
Cas9 systems is the restriction of edits to regions of high
GC content because of a “G” rich PAM sequence requirement
(Bernabé-Orts et al., 2019). Although efforts are underway to
engineer near “PAMless” Cas9 variants (Walton et al., 2020),
only a few applications have been reported in plant systems
(Zhong et al., 2019). Casl2a has the capacity to edit “T” rich
PAM regions, and generates staggered ends that may promote
site-directed integration events. Although the PAM sequence of
Casl2a (e.g., TTTV) is longer than Cas9 (e.g., NGG), efforts
have also been successful to engineer Casl2a variants with
altered PAM specificities (Gao et al., 2017; Téth et al., 2020). As
recently shown in maize, Cas9 was used in combination with FLP
recombinase to engineer gene stacks, greatly facilitating breeding
efforts to stack traits of interest (Gao et al., 2020). This elegant
use of genome editing technologies could be extended further
by incorporating Cas12a, enabling a greater selection of target
sites and potentially a higher efficiency of gene integration events.
As promoters and introns are often AT-rich, the use of Casl2a
also affords additional flexibility for engineering efforts (Wolter
and Puchta, 2019). Although Casl2a displays a temperature
sensitivity that has limited its utility in plant genome editing
(Malzahn et al.,, 2019; Safari et al., 2019; Swarts, 2019), engineered

variants have recently been generated with enhanced activities
(Schindele and Puchta, 2020). In this review, we provide a
comparison of CRISPR Cas9 and CRISPR Casl2a from the
perspective of their applications in plant engineering and plant
breeding and suggests ways to improve the utility of Casl2a in
broadening its agricultural applications. Importantly, our intent
is not to identify “the best” nuclease, but rather to highlight
the advantages of broadening the molecular biology toolbox to
incorporate both Cas9 and Cas12a technologies.

THE CRISPR-Cas SYSTEM

The CRISPR-Cas system evolved as a bacterial immune system to
combat the invasion of phages and other mobile genetic elements
like plasmids and transposons (Hille et al., 2018). There are three
major steps involved in the evolution of CRISPR-Cas systems in
bacteria namely:

(i) CRISPR adaptation-integration of foreign invader genomic
fragments into a CRISPR array as spacer sequences,

(ii) crRNA biogenesis — the CRISPR array is transcribed into
pre-crRNA and processed to mature crRNA’s which in turn
integrates with the Cas effector proteins to form crRNA
effector complexes,

CRISPR interference - These programmed effector
complexes identify and catalyze sequence-specific
destruction of foreign invading genomic fragments
(Jackson et al., 2017).

(iii)

Based on the array of cas genes and the nature of the
interference complex, the CRISPR-Cas system can be roughly
divided into Class I and Class 2 systems which are further
divided into six subtypes: Class I, type I, III, and IV are
defined by multi-subunit complexes, and Class II, types II, V,
and VI are postulated as single subunit effector endonucleases
(Makarova et al., 2015; Shmakov et al., 2015). The Class 2
systems might have evolved from Class 1 systems with effector
proteins originating from diverse mobile elements (Shmakov
et al, 2015). Although Cas9 and Casl2-related proteins are
similar in length (~1100 to ~1500 amino acids) it is likely that
these families evolved independently from distinct transposable
element families (Shmakov et al., 2015).

CRISPR-Cas systems have gained much popularity as a
revolutionary genome-engineering tool because of their ease of
use and multiple genome editing applications in the fields of
medicine, agriculture, and animal husbandry. The most popular
CRISPR-Cas9, originating from Streptococcus pyogenes (spCas9)
belongs to the type II CRISPR system and has a protospacer
adjacent motif (PAM) requirement of “NGG.” Here, we will focus
on the development of the Casl2 system that offers distinct
advantages for genome engineering.

Cas12a, Class 2-Type V CRISPR System

The discovery and characterization of the Cas12a system was led
by researchers at Broad Institute of MIT and Harvard University
who identified a series of CRISPR nucleases in Prevotella and
Francisella 1 bacteria termed Casl2a (Cpfl) belonging to the
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Class 2, type V CRISPR system (Zetsche et al., 2015). Additional
effector proteins of this family include Casl2b (C2cl) and
Casl2c (C2c3), respectively. Casl2a is an endonuclease which
varies in size between 1200 and 1500 amino acids (Shmakov
et al, 2015). The PAM sequence requirement for Casl2a is
“TTN/TTTN/TTTV”. (N = A/T/C/G; V = A/C/G). FnCasl2a
(from Francisella novicida), LbCasl2a (from Lachnospiraceae
bacterium), and AsCasl2a (from Acidaminococcus sp.) are
the three homologs of the Casl2a nucleases (Zetsche et al,
2015) (Table 1) which were widely utilized in plant genome
editing technologies.

Structural Aspects of Cas12a

CRISPR-Casl2a is a two-component system, consisting of
a protein/effector nuclease and a single crRNA. FnCasl2a,
LbCasl2a, and AsCasl2a proteins display similar domain
organizations and range in size from ~1300 to ~1307 amino
acids (aa). The crystal structure reveals a bi-lobed organization
consisting of an a-helical recognition lobe (REC) and a nuclease
lobe (NUC) (Dong et al,, 2016; Yamano et al, 2016). The
REC lobe consists of two domains Hel-1 and Hel-2, while
the NUC lobe is comprised of the RuvC nuclease domain
and three supplementary domains: PI, WED, and BH. The
RuvC endonuclease domain of Casl2a is subdivided into
three discontinuous segments (RuvC I-III), but it lacks the
second HNH endonuclease domain and processes its mature
crRNA without the utilization of trans-activating crispr RNA
(tracrRNA) in comparison with Cas9 proteins (Safari et al., 2019;
WangJ. et al., 2020).

The structure of AsCasl2a crRNA reveals 20 nt direct repeat
(5" handle) sequence and a spacer (guide segment) sequence of 23
ntin length (Figure 1). The crucial pseudoknot structure adopted
by the direct repeat sequence is essential for the recognition
by Casl2a. The pseudoknot structure can be broadly divided
into a stem and a loop region. The pseudoknot, starting from
-1 to -20 bases, consists of five Watson-Crick base pairs, one
noncanonical U-U base pair, one UCUU tetraloop, one reverse
Hoogsteen A-U base pair and three 5'-end bases (Figure 2). The
hydrogen bonds formed within stem and loop regions stabilizes
the pseudoknot structure. The bases U (-1), U (-10), U (-16),
and A (-18) are conserved across Casl2a homologs indicating
formation of similar tetraloop pseudoknot is crucial for the
efficiency of endonuclease activity of Cas12a. The guide segment
(spacer) sequence is complementary to the target DNA sequence
and seed sequences (1-8 bases) are crucial for target specificity of
CRISPR-Cas12a system (Dong et al., 2016; Yamano et al., 2016; Li
L. etal., 2018; Swarts and Jinek, 2018; Safari et al., 2019). A survey
of 16 uncharacterized Casl2a enzymes revealed differences in
both PAM recognition and cut site repair mechanism (Zetsche
et al., 2019), suggesting that it should be possible to engineer a
range of activities into members of the Cas12a family.

crRNA Biogenesis

In contrast to CRISPR-Cas9 systems, type V systems do not
require tracrRNA and RNase III for processing of mature crRNA.
The transformation of pre-crRNA to mature crRNA (42-44 nt
length) is mediated by intrinsic ribonuclease activities of Cas12a

domains. The biogenesis of mature crRNA in F. novicida starts
with the recognition of 27-32 base pair (bp) long spacers located
adjacent to 36 bp long repeats by FnCas12a which are expressed
as a single transcript (Zetsche et al., 2015). The repeat sequences
in the pre-crRNA transcript forms a pseudoknot structure which
is readily recognized by Cas12a (Dong et al., 2016; Yamano et al.,
2016; Swarts and Jinek, 2018). Pseudoknot binding to divalent
cations like Mg?>* or Ca** augments binding of the crRNA to
Cas12a. The WED domain of Casl2a catalyzes the processing of
the 5’ end of the crRNA but the 3’ end processing mechanism
of crRNA is still obscure. A mature crRNA consists of 19-20 nt
direct repeat sequence (5" pseudoknot structure) and 20-24 nt
guide or spacer sequence (Swarts and Jinek, 2018; Safari et al.,
2019) (Figure 2).

Salient Difference Between Cas12a and
Cas9

The major differences between Cas9 and Casl2a proteins (see
Figure 3) include the following:

(i) The PAM requirement for Casl2a is “T'TTN” which favors
its use in targeting “AT” rich regions in the genome in
contrast to the spCas9 system (PAM “NGG”) (Zetsche et al.,
2015);

(if) Casl2a cleaves the target DNA strand 18-23 nucleotide (nt)

distal of the PAM, leaving staggering ends (5 to 8 nt 5

overhangs) in contrast to blunt ends generated by Cas9

(Zetsche et al., 2015);

Casl2a processes the mature crRNA into 42 to 44 nt

segments in contrast to Cas9 requiring tracrRNA for

biogenesis of mature crRNA. This distinct feature of

Cas12a makes it advantageous for multiplex gene editing,

transcription, epigenetic modulations and base editing

(Safari et al., 2019);

Unlike Cas9, Casl2a contains only one endonuclease

domain, RuvC (NUC lobe) for cleavage of target and non-

target DNA strands. The cleavage occurs in a sequential
manner in which the non-target DNA strand is cleaved
first and later the target DNA strand by the RuvC domain

(Yamano et al., 2016);

(v) Lower off-target effects have been reported for Casl2a
relative to Cas9, that are indistinguishable from
spontaneous mutations caused during plant development

(Bernabé-Orts et al., 2019). However, it has also been

reported that Casl2a and several orthologs are capable

cleaving randomized targets in vitro that contain up to four
mismatches (Murugan et al., 2020). It remains to be seen,
however, if this reduced specificity is evidenced in planta;

One of the major constraints of Cas12a broader adoption in

plants is its lower efficiency at low temperatures (Malzahn

etal., 2019);

A modified dCasl2a fused to a human apolipoprotein B
mRNA editing enzyme did not activate the DNA damage
response and increased deamination efficiency and editing
specificity relative to a similar dCas9 base editor nickase
(Wang X. et al., 2020).

(iii)

(iv)

(vi)

(vii)
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TABLE 1 | List of various CRISPR-Cas12a nucleases and their various applications in crops.

Plant name  Casi2a Gene codes  Gene targeted Target Trait Binary vector Transformation PAM References
method
Rice FnCas12a OsDL, OsALS, Drooping leaf; Acetolactate synthase;  Floral organ identity; Herbicide pPZP200 Agrobacterium TTN Endo A. et al., 2016
OsNCED1, 9-cis-epoxycarotenoid dioxygenasel,  resistance; Abscisic
OsAO1 Aldehyde oxidase acid regulation-stress tolerance;
caroteniod catabolism and abscisic
acid metabolism-stress tolerance
Rice LbCas12a OsEPFL9 Stomatal developmental gene Abiotic stress tolerance pCAMBIA Agrobacterium TTTG Yin et al., 2017
Rice LbCas12a OsPDS, OsBEL Phytoene desaturase; Carotenoid biosynthetic pathway; pHSN400 Agrobacterium TTTA, Tang et al., 2017
Bentazon-sensitive-lethal Herbicide resistance
Rice FnCas12a, OsBEL, OsRLK Bentazon-sensitive-lethal; Receptor like Herbicide resistance; Biotic stress pCambia Agrobacterium TIN, TTTG, Wang et al., 2017b
LbCas12a kinases stimulant response gene TTTC
Rice FnCas12a, OsCAO1 Chlorophylliide-a oxygenase gene Photosynthetic efficiency puUC19 Biolistic Mediated TTTC Begemann et al.,
LbCas12a 2017
Rice AsCas12a, OsPDS, Phytoene desaturase; Dense and erect Carotenoid biosynthetic pathway; pYPQ203 or pYPQ202, Agrobacterium TTTG Tang et al., 2017
LbCas12a OsDEP1, and  panicle 1; Rice outermost cell-specific  Regulating carbon-nitrogen pYPQ220, pYPQ230,
OsROC5 geneb metabolism-VYield; leaf rolling pYPQ223
controlling; Negatively modulates
bulliform cells
Rice FnCas12a OsDEP1, Dense and erect panicle 1; Phytoene  Regulating carbon-nitrogen pYPQ203 Protoplasts TTTC Zhong et al., 2018
OsPDS, and  desaturase; Stomatal developmental — metabolism-Yield; Carotenoid transformation
OsEPFL9 gene biosynthetic pathway; Abiotic stress
tolerance
Rice LbCas12a OsALS Acetolactate synthase Herbicide resistance pCXUN Particle bombardment TTTG Lietal, 2018b
Rice FnCas12a, OsROCS5 and  Rice outermost cell-specific geneb; Leaf rolling controlling; Negatively pYPQ141, 210, 230 PEG-mediated TTTC Malzahn et al.,
AsCas12a, and OsDEP1 Dense and erect panicle 1 modulates bulliform cells; Regulating protoplasts transfection 2019
LbCas1 carbon-nitrogen metabolism-Yield
Rice LbCas12a OsDEP1, Dense and erect panicle 1; Rice Regulating carbon-nitrogen STU-Cas12a system  Protoplasts TTTA Tang et al., 2019
OsROC5 outermost cell-specific geneb metabolism-Yield; leaf rolling transformation
controlling; Negatively modulates
bulliform cells;
Rice LbCas12a OsPDS, Phytoene desaturase; Grain size; Carotenoid biosynthetic pathway; Grain STU-poly-A vector Agrobacterium TTTA, TTTG Xu et al., 2019
OsGS3, Acetolactate synthase; Narrow leaf length-yield; Herbicide resistance; grain
OsALS, OsNAL yield
Rice AsCas12a, OsPDS Phytoene desaturase; Carotenoid biosynthetic pathway; pCAMBIA1301 Biolistic Mediated TTTG Banakar et al.,
LbCas12a 2020
Arabidopsis AsCas12a, OsPDS, Phytoene desaturase; Dense and erect Carotenoid biosynthetic pathway; dAsCas12a-SRDX and Floral dip and TTTG Tang et al., 2017
and rice LbCas12a OsDEP1, and  panicle 1; Rice outermost cell-specific dLbCas12a-SRDX protoplasts
OsROC5 geneb carrying vector transformation
Arabidopsis LbCas12a, five gene - - enAsCas12a and Floral dip TTTC, TTTA  Schindele et al.,
enLbCas12a, targets ttLbCas12a carrying 2020
ttLbCas12a vector
Soybean LbCas12a/ FAD2-1A, Fattyacid desaturase Increase oleicacid levels-Yield p2GW7 PEG-mediated A Kim et al., 2017
AsCas12a-RNP FAD2-1B improvement protoplasts
transformation
(Continued)
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LiB. etal., 2019

TTT1G

Agrobacterium

pGhRBE3

Chloroplast developmental gene

Cloroplastos alterados

LbCas12a GhLCA1

Allotetraploid

cotton
Citrus

Jiaetal., 2019

TTTC

p1380 Agroinfiltration

Carotenoid biosynthetic pathway;

Phytoene desaturase;

CsPDS

LbCas12a

Liu et al., 2020

TT1G

pWMB110-LbCasi2a Agrobacterium

MTL-Haploid induction gene; Waxy-

Waxy and Matrilineal

TaWaxy and
TaMTL

LbCas12a

Wheat

starch synthase gene involved in flour

quality

(viii) Intellectual property issues of Cas9 invention rights
between the University of California vs Broad Institute
of MIT and Harvard are still obscure and disorganized
whereas Casl2a patent rights are a single point grant to
Broad institute, MIT, and Harvard.

APPLICATION OF CRISPR-Cas12a IN
AGRICULTURE

Casl2a editing has been widely utilized in many crops (see
Table 1) including rice (Endo A. et al., 2016; Begemann et al,,
2017; Huetal., 2017; Tang et al., 2017, 2018; Wang et al., 2017a,b;
Yin et al,, 2017; Li L. et al., 2018; Li et al., 2019a; Jun et al.,
2019; Malzahn et al., 2019; Banakar et al., 2020; Chen et al,,
2020; Schindele and Puchta, 2020), wheat (Liu et al., 2020), maize
(Lee K. et al., 2019), soybean (Kim et al., 2017), cotton (Li B.
et al, 2019), tomato (van Vu et al., 2020), citrus (Jia et al.,
2019), tobacco (Endo A. et al.,, 2016; Endo and Toki, 2019),
and the model plant Arabidopsis (Wolter and Puchta, 2019;
Schindele and Puchta, 2020). At present, three Casl2a genome
editing systems AsCas12a, FnCas12a, and LbCas12a have been
demonstrated in plants (Zhong et al., 2018) with varied efficiency.

Rice is one of the most well-studied crops due to
its agricultural importance, small genome size, ease of
transformation and available genetic resources making it an
ideal flagship genome for the grasses (Mishra et al., 2018). These
factors have also made it an ideal testing ground for developing
genome editing technologies. Codon optimized FnCas12a binary
vectors were utilized for targeted mutagenesis in rice (OsDL,
OsALS, OsNCED1, OsAO1) and tobacco (NtPDS and NtSTFI)
with average targeted mutation frequencies of 47.2% and 28.2%,
respectively (Endo A. et al, 2016). Utilizing the LbCasl2a
nuclease two endogenous rice genes OsPDS and OsBEL
were targeted with mutation frequencies of 21.4 and 41.2%,
respectively (Xu et al., 2017). An independent study that targeted
the disruption of OsPDS by LbCasl2a resulted in a similarly
high editing frequency of 32.3% (Banakar et al., 2020). Xu et al,,
2017 also demonstrated that pre-crRNAs were more efficient in
generating mutants than mature crRNAs in rice. However, the
opposite was observed in HEK293T cells (Zetsche et al., 2017).
In addition to these proof-of-concept experiments, LbCasl2a
was also used to create loss-of-function alleles of OsEPFL9
which regulates stomatal density. These lines increased water use
efficiency eight fold in T2 generation plants (Yin et al., 2017).

In vitro experiments conducted with FnCas12a and LbCas12a
suggests that the efficiency of Casl2a depends upon the base
content of the gene sequence targeted (Wang et al, 2017b).
To compare the activity of two nucleases, Acidaminococcus
sp. BV3L6 (As) and Lachnospiraceae bacterium ND2006 (Lb)
were used to target six sites in three genes (OsPDS, OsDEPI,
and OsROCS5). Mutation frequencies observed ranged from
0.6 to 10% for AsCasl2a and 15-25% with LbCasl2a across
the six targets (Tang et al., 2017). Importantly, whole-genome
sequencing analysis of LbCasl2a-edited plants revealed zero
off-target mutations in the rice genome (Tang et al., 2018).

A potential advantage in using Casl2a in genome editing, is
its ability to facilitate site-directed integration due to staggered
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FIGURE 1 | Schematic representation of Cas12a crRNA with the target strand DNA association.
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FIGURE 2 | Schematic representation of mature crRNA derived from the maturation of pre-crRNA.

overhangs. The expression of F. novicida and L. bacterium
ND2006 nucleases resulted in a high frequency of homology-
directed repair (HDR) in rice suggesting a primary advantage
of the Casl2a system over Cas9 for targeted gene integration
(Begemann et al, 2017). However, the FnCasl2a mutation
frequency varies with the selection of PAM sequence (e.g. 10%

to 35% efficiency with “I'TTV” and 5-10% with “TTV”) in rice
(Zhong et al., 2018), suggesting that site directed targeting of
sequences may be highly variable across the genome.

Given the inherent variations in site-specific editing
efficiencies, it is challenging to directly compare the mutation
efficiencies of Cas9 and Casl2a. Although studies in several
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FIGURE 3 | Depiction of salient differences between Cas9 and Cas12a. (A) Cas9 contains two endonuclease domains to cleave target strand (TS) and non-target
DNA strands (NTS) by HNH and RuvC domains, respectively. (B) Cas9 requires tracrRNA for biogenesis of mature crRNA. (C) PAM requirement of Cas9 is “NGG”
rich regions for cleaving target site. (D) Cas9 simultaneously breaks TS and NTS and generates blunt ends. (a) Cas12a utilizes single endonuclease domain RuvC for
cleaving TS and NTS. (b) Cas12a processes its own mature crRNA without intervention of tracrRNA. (c) PAM requirements of Cas12a is “TTN/TTTN” favoring “AT”
rich regions. (d) Cas12a cleaves in a sequential manner in which NTS is cleaved first and followed by TS and generates double strand staggered break (sticky ends).

higher efficiency of mutation with Cas9 (Lee K. et al., 2019) and
with another target Casl2a was more efficient (Banakar et al.,
2020). Various factors which might have attributed to the relative
efficiency could be related to the gRNA sequences, epigenetic

plant species have suggested lower editing efficiencies associated
with Casl2a relative to Cas9 (Lee K. et al., 2019; Malzahn et al.,
2019; Liu et al, 2020), Wang and colleagues used Cas9 and
Casl2a to target the same loci and in one instance observed a
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modifications of the target site or expression of the endonuclease
itself. Despite the variation in editing efficiencies, several groups
have utilized Cas12a to edit more recalcitrant genomes including
the allotetraploid cotton (Li B. et al., 2019), citrus (Jia et al.,
2019), soybean (Kim et al., 2017) and wheat (Liu et al., 2020).
Thus, although it appears that Casl2a is generally less efficient,
as discussed below, newly developed versions of Casl2a promise
to enhance its performance in planta.

FUTURE PERSPECTIVE: IMPROVING
Cas12a FOR GREATER AND BROADER
APPLICATIONS IN AGRICULTURE

Genome editing has opened up tremendous opportunities to
improve the pace of agricultural advancement. The EU was one
of the first organizations to develop a regulatory framework
for genome editing (Friedrichs et al., 2019). They defined three
tiers of genome editing. Site-directed nuclease (SDN) 1 events
are the result of non-homologous end-joining and result in
single nucleotide changes or small indels. SDN2 events result
in template-mediated changes of a few nucleotides. In rice, for
example, herbicide-resistant mutant lines were developed using
template-mediated repair. LbCasl2a was used create staggered
breaks in the Acetolactate synthase (ALS) gene in the presence
of a template molecule containing the point mutations of
interest. Repair through a HDR mechanism (Li et al., 2018a)
resulted in the precise introduction of small nucleotide changes.
Although herbicide tolerance has been achieved effectively in
major crop plants through transgenic approaches, the reduced
regulatory barriers associated with CRISPR-mediated edits
(especially outside the European Union, e.g., United States
and Australia) makes this trait an attractive target for species
that have had limited success overcoming regulatory hurdles
with transgenic technologies such as rice. CRISPR genome
edited crops may be exempted from GMO regulation in several
countries on a case-by-case review including the United States,
Canada, Australia, Japan, Colombia, Brazil, Argentina, and
Chile. Other countries including the United Kingdom, India,
Bangladesh, Philippines, and Indonesia are still in the process
of developing regulations while the European Union and
New Zealand have classified genome-edited crops as GMO’s as
they consider the process rather than the outcome. Events that
insert foreign DNA from another species are likely to trigger
the most rigorous regulatory reviews (SDN3) and will likely be
considered transgenic in most countries. In the United States,
the Environmental Protection Agency (EPA), the United States
Department of Agriculture (USDA) and the Food and Drug
Administration (FDA) all influence the regulatory path of an
engineered plant product. Thus, it is still challenging to predict
the time and costs of bringing genome-edited products to market
(Schmidt et al., 2020).

Despite the challenges of the current regulatory environment,
the scope and scale of genome editing opportunities will likely
drive the entire agricultural industry. A few examples that
incorporate genome editing technologies include accelerated
breeding strategies (Li et al., 2016; Chen et al., 2019), allelic

replacements (Ahmar et al., 2020), simultaneous double haploid
production and editing (HI-EDIT) (Kelliher et al., 2019; Wang
et al, 2019), crop domestication (Van Tassel et al, 2020;
Zhang et al., 2020), and gene stacking (Razzaq et al., 2019).
Importantly, these technologies are enabling a step change in
the pace of crop improvement over conventional breeding and
transformation technologies, especially when combined with
emerging transformation technologies (e.g., co-expression of
maize transcriptional factors, BABY BOOM and WUSCHEL?2)
(Lowe et al, 2016), machine learning (e.g., breeding), and
imaging technologies. With so many potential opportunities, it
is clear that both Cas9 and Casl2a will be utilized extensively
in plant breeding in the years ahead. Nevertheless, several
technological improvements in Casl12a will help to accelerate its
broader adoption and utility.

Although, Casl2a has many advantages there are certain
limitations as well which need to be addressed, such as PAM
flexibility, to enable its broader application across the genome.
Greater extent of modified or engineered versions of Casl2a are
needed for single gene or multigene activation or repression. The
relatively high temperature dependence of Cas12a is problematic
in plant transformation as many crop protocols require low
temperature. A Casl2a nickase has not been engineered to date
which could facilitate gene integration without DSB, improving
the possibility of HDR for allele replacement (Figure 4).

Development of Cas12a With Relaxed or

“PAM-Less” Requirements

One of the significant limitations of Casl2a in plant genome
editing is the relatively long TTTV PAM sequence requirements
in eukaryotic genomes (T6th et al., 2020). The theoretically
estimated frequency of the TTTV PAM motif in DNA sequences
is 3/256, a considerably more restrictive target space than that of
the canonical NGG motif of SpCas9 (16/256). Several groups have
recently attempted to engineer alternative PAM site requirements
into Casl2a (Table 2). Perhaps the most promising is the
improved Casl2a variant (impLbCasl2a) generated by Toth and
colleagues (T6th et al., 2020). After engineering five independent
nucleotide changes into Casl12a that had been shown in previous
studies to modulate PAM-site selectivity and enzyme cutting
efficiency, the impLbCasl2a enzyme was able to cut at a TNTN
consensus sequence with increased activity (Toth et al., 2020). In
addition to engineering relaxed specificities, Chen and colleagues
identified two Casl2a variants (CeCasI2a and BeCasl2a) with a
more stringent PAM site requirement in order to minimize off
target events (Chen et al., 2020). This may have applications in
engineering synthetic circuits when tight control of target sites
is necessary. To continue expanding the repertoire of PAM sites
or enhance enzyme activity, technologies such as phage-assisted
continuous evolution (PACE) have shown much promise (Esvelt
et al, 2011; Komor et al,, 2016). In addition, the exploration of
Casl12a homologs in diverse bacterial species, such as Lb5Cas12a,
BoCasl12a, BsCasl2a (e.g., Zetsche et al., 2015; Gao et al., 2017)
will likely provide both novel insights into Cas12a function and
potentially new activities. However, it is important to note that all
of these advances have come from studies in non-plant systems,
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TABLE 2 | List of modified and native Cas12a nucleases with their flexible “PAM” specificities.

CRISPR/Cas12a system Modification in native CRISPR/Cas12a PAM specificity

Amino acids Size References

FnCas12a Native TTV,TTTVKYTV 1300 Zetsche et al., 2015

FnCas12a-RR NB07R/K671R TYCV, TCTV 1300 Toth et al., 2018; Zhong et al., 2018;
Toth et al., 2020

FnCas12a-RVR N607R/K613V/N617R TWTV 1300 Toth et al., 2018; Zhong et al., 2018;
Toth et al., 2020

FnCas12a-RVRR NB607R/K613V/N617R/K671R TYCV, TCTV,TWTV 1300 Toth et al., 2020

AsCasi2a Native TTTV 1307 Zetsche et al., 2015; Kim et al., 2017;
Tang et al., 2017; Bernabé-Orts et al.,
2019

AsCas12a-RR S542R/K607R TYCV,CCCC 1307 Gao et al., 2017

AsCasi12a-RVR S542R/K548V/N552R TATV 1307 Gao et al., 2017

AsCas12a-RVRR S542R/K548V/N552R/K607R TYCV,CCCC,TATV 1307 Toth et al., 2020

LbCas12a Native TTTV 1228 Zetsche et al., 2015; Kim et al., 2017;
Tang et al., 2017; Bernabé-Orts et al.,
2019; Li et al., 2019b

LbCas12a-RR G532R/K595R TYCV,CCCC 1228 Gao et al., 2017; Li et al., 2018a;
Zhong et al., 2018; Toth et al., 2020

LbCas12a-RVR G532R/K538V/Y542R TATV 1228 Gao et al., 2017; Li et al., 2018a;
Zhong et al., 2018; Toth et al., 2020

LbCas12a-RVRR G532R/K538V/Y542R/K595R TYCV,CCCC,TATV 1228 Toth et al., 2020

MbCas12a Native TV, TTTV 1373 Zetsche et al., 2015

MbCas12a-RR N576R/K637R TYCV, TCTV 1373 Toth et al., 2018

MbCas12a-RVR N576R/K582V/N586R TWTV 1373 Toth et al., 2018

MbCas12a-RVRR N576R/K582V/N586R/K637R TYCV, TCTV,TWTV 1373 Téth et al., 2020

enAsCasi2a E174R/S542R/K548R VTTV,TTTT,TTCN,TATV 1307 Kleinstiver et al., 2019

impLbCas12a D156R, G532R, K538V, Y542R, k595R TTTV,TCCV, CCCV, TATC, TACV 1228 Toth et al., 2020

thus considerable work remains to test these functionalities and
develop new variants specifically for plant systems.

Cas12a for Gene Expression Modulation

As mentioned above, Cas9 has been used to manipulate gene
expression through the engineering of DNAse dead (dd) enzymes
that are directed to specific sites in the genome and similar
strategies are now ongoing to engineer Casl2a (Table 3). The
dual nuclease activity of Casl2a is essential for its ability
to create double strand breaks (DSB) in the DNA and is
dependent on the RuvC domain (Zhang et al, 2017; Safari
et al., 2019). Alteration or mutation of the RuvC domain leads
to the formation of a DNAse dead Casl2a (dCasl2a) which
retains the crRNA processing activity of Casl2a but fails to
cleave the DNA (Zetsche et al.,, 2015). To exploit this feature
of Casl2a, Leenay and colleagues created catalytically inactive
ddCasl2a enzymes to identify the repertoire of PAM sites
in an in-vivo screen and infer binding specificity based on
green fluorescent protein (GFP) readout (Leenay et al., 2017).
Transcriptional repression mediated through both the inhibition
of elongation and initiation in E.coli was achieved when a
ddCasl12a was targeted to multiple promoter or coding sequences
(Zhang et al,, 2017). A similar strategy was used to create a
ddCasl12a variant for Streptomyces, an important bacterial species
for natural product discovery (Li L. et al, 2018). Additional
modifications of Casl2a applied to human (Gao et al.,, 2018)
and Escherichia coli (Miao et al., 2019) systems, have increased

the activity of DNAse and activation/repression modalities of
Casl2a. Although it is possible that similar mutations would also
be effective in plant systems, this has yet to be demonstrated.
In Arabidopsis, Tang et al. (2017) demonstrated transcriptional
repression of miR159b utilizing deactivated nuclease domains
of dAsCasl2a (D908A) and dLbCasl2a (D832A). Although,
AsCasl2a performed better than LbCasl2a as a transcriptional
repressor in Arabidopsis thaliana, species-specific differences
are likely to influence binding efficiencies. Thus, further
improvement in this area is greatly needed in plants, as
LbCasl2a is still the most widely utilized editing tool among
all of the Casl2a variants, but reports in crop plants are
relatively limited.

Cas12a Efficiency Improvement Through

Chemical and Engineering Modifications

In addition to engineering the Casl2a protein, several groups
have tried to optimize Casl2a cutting efficiencies and reduce
off target modifications by modifying the crRNA molecule and
Casl2a transcript. Li and colleagues showed in human cell
lines by engineering a crRNA molecule containing five 2’-
fluoro ribose at the 3’ terminus together with an engineered
Casl2a mRNA template in which uridine residues were replaced
with pseudouridine throughout the entire transcript, cutting
efficiencies could be improved. Together, these modifications
led to an enhanced cutting efficiency of 300% above the wild-
type plasmid template and crRNA controls (Li B. et al.,, 2017).
Extensions of the crRNA at the 5’end also improved the efficiency
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TABLE 3 | List of Cas protein activators and repressors and their applications in
inducing gene expression in plants and human embryonic cells.

Activator/Repressor Target Gene/Plant species References

denAsCas12a-VPR human cells:S170R, E174R, Kleinstiver et al.,

S542R or K548R 2019
enAsBE1.1-1.4 human cells:S170R, E174R, Kleinstiver et al.,
S542R or K548R 2019

dAs/LbCas12a-VP64-
3xHA-crHDV

Luciferase (luc) gene in Gao et al., 2018

HEK293T cells

dCas9-H3K27 Flowering locus in Arabidopsis Lee J. E. etal,
acetyltransferase p300 2019
dCas9-H3K9 Flowering locus in Arabidopsis Lee J. E. etal,
methyltransferase 2019
KRYPTONITE
dCas9-VP64 Flowering locus in Arabidopsis Lee J. E. etal,
2019
dCas9-SRDX Flowering locus in Arabidopsis Lee J. E. etal,
(Transcriptional 2019
repressor)
dCas9-H3K9 Flowering locus in Arabidopsis Lee J.E. etal,
methyltransferase G9a 2019

dCas9-MS2-VP64 Rice Lowder et al., 2018
dCas9-mTALE-VP64 Rice Lowder et al., 2018
dCas9-6TAL-VP128 Protoplasts of Arabidopsis LiZ etal, 2017
(dCas9-TV)

dCas9-VP128 Protoplasts of Arabidopsis LiZ etal., 2017
dCas9-VP256 Protoplasts of Arabidopsis LiZ etal, 2017

dCas9-VPR
dCas9-SAM
dCas9-SunTag

Human cells- HEK293T
Human cells- HEK293T
Human cells- HEK293T

Chavez et al., 2016
Chavez et al., 2016
Chavez et al., 2016

of Casl2a NHEJ] and HDR activities (Park et al.,, 2018). Bin
Moon et al, 2018 also demonstrated precise and enhanced
indel-generating efficiency of Casl2a, up to 13-fold, with an
engineered 3’-uridinylate rich ¢rRNA in human HEK-293T
(Human Embryonic Kidney) cells. This may be due in part to the
enhanced stability of the molecule especially when Casl2a and
crRNA are delivered to the cell as an ribo nucleo protein (RNP)
in primary mouse myoblasts (Park et al., 2018).

McMahon et al, 2018 also demonstrated in HEK-293T
cells that truncated synthetic RNAs (scrRNA) with chemical
modification of nucleotides at 5 and 3’ end with PS, 2’-
F5’-O-Me, and substitution with DNA nucleotides were more
readily taken up by cells and enhanced its genome editing
efficiency of AsCasl2a relative to wild-type crRNAs. To identify
additional components that may aid editing efficiencies, Ma
and colleagues conducted a small molecule library screen
and identified VE-822 and AZD-7762 for their ability to
enhancing the genome editing efficiency of Casl2a in human
pluripotent stem cells (Ma et al., 2018). In summary, chemical
modification to the crRNA, Casl2a transcript and the addition
of small molecules all were able to improve Casl2a efficiencies
in mammalian systems. It remains to be seen, however,
if any of these modifications result in similar efficiencies
in plant systems. Some of the challenge in introducing
chemical modifications could be overcome in plants if they
are transformed using biolistics as it is easier to envision

an RNP cocktail with small molecules rather than utilizing
Agrobacterium transformation.

Improving HDR Efficiency

The DSBs generated by site-specific nucleases (SSNs) are repaired
broadly through two repair pathways; non-homologous end
joining (NHE]) or homology directed repair (HDR) methods,
generating either random or directed outcomes. In higher
organisms and especially in plants the preferred DSB repair
mechanism is achieved through NHE], where most often small
indels are created causing frameshift mutations ultimately
creating loss-of-function or “knock-out” alleles. If a DNA
template (either single or double stranded) is present when the
DNA is cleaved, then DNA repair can be achieved through HDR.
This mechanism results in precise gene editing or modifications
which is the most preferred way of bringing changes in the plant
genome to produce high yielding and disease-resistant varieties
in the crops. Unfortunately, the efficiency/frequency of HDR in
plants is very low due to numerous factors including the low
copy number of donor templates and length of donor templates
(Puchta, 2005). Several groups have targeted the DNA repair
pathway to engineer higher efficiencies of HDR including the
targeted suppression of KU70 and KU80 and the overexpression
of RAD54, RAD51, CtIP, CDK1, and Scr7 inhibitor to bypass
NHE] and promote HDR pathways (Shaked et al., 2005; Bozas
et al,, 2009; Qi et al,, 2013; Maruyama et al., 2015; Ye et al., 2018;
Table 4). These studies reveal that overexpression of HDR-related
factors and suppression of NHE] related factors are promising
approaches to homology-directed gene targeting-HGT (Pinder
et al., 2015; Robert et al, 2015; Endo M. et al., 2016; Rozov
et al.,, 2019). The utilization of a geminivirus replicon system
also enhances donor template delivery and available donor
templates enhance homologous recombination (Baltes et al.,
2014). However, this system failed to generate a high HDR repair
frequency in Arabidopsis, suggesting species specific variation
(De Pater et al.,, 2018; Hahn et al., 2018). A combination of an
Agrobacterium VirD2 relaxase gene with Cas9 improved HDR in
rice presumably by enhancing the proximity of repair template
to the DSBs in rice (Ali et al., 2020). In planta gene targeting
is another efficient method of HDR which was successfully
demonstrated in rice (Sun et al.,, 2016), maize (Kumar et al.,
2016) and Arabidopsis (Fauser et al., 2012; Schiml et al., 2014;
Hahn et al., 2018; Wolter and Puchta, 2019). Here, sequence
specific nucleases not only generate targeted DSB but also
release a homology template from the T-DNA backbone. Another
innovative method to increase HDR that has been applied in yeast
systems is CRISPEY (Sharon et al., 2018). In this system, a DNA
retron is used to tether a template sequence to a gRNA that is then
delivered to the genomic target. Although the efficiency of HDR is
high in yeast, it remains to be seen if a similar approach will work
in plants. Prime editing can be used to introduce precise point
mutations and insertions in the plant genome without separate
repair templates and with reduced off-targets compared to other
genome editing technologies (Anzalone et al., 2019). However,
inherent limitations associated with prime editing must still be
overcome if it is to be broadly adopted as an efficient, precise
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and flexible plant genome editing tool for crop improvement (Lin
et al., 2020; Marzec and Hensel, 2020; Xu et al., 2020).

As mentioned above, there are numerous advantages to
utilizing an HDR-dependent pathway to engineer alleles of
interest. In particular, because a template is provided, this
template can be synthesized to contain naturaly occurring or
novel alleles of any given locus. However, as shown in Table 4,
the efficiencies of HDR are quite variable relative to target loci
and both Casl2a and Cas9 have been used successfully for
HDR. Various approaches and vector construct designs have
been used to direct homology-dependent repair pathway utilizing
the CRISPR-Casl2a endonuclease system. In one of the first
examples of Casl12a-mediated gene replacements in plants, 1 kb

of homologous sequence flanking a target sequence was used to
insert a selectable marker into the Chlorophyllide-a oxygenase
(OsCAO) locus in rice. Reagents including LbCasl2a and
FnCasl2a plasmids, donor template and the crRNA expression
construct were introduced as DNA templates through particle
bombardment and insertion events identified (Begemann et al.,
2017). Similar frequencies of HDR (4.6-7%) were obtained in
the zebrafish model system when reagents were delivered as
ribonucleoproteins coupled with donor template DNA. In this
example, LbCas12a mediated homologous gene replacement at
target loci slc45a2 (albino) and tyr (tyrosinase) at higher efficiency
than SpCas9 (Moreno-Mateos et al., 2017). Li et al. (2018a) also
utilized RNP delivery but used RNA templates to mediate the

TABLE 4 | List of selected Cas9 and Cas12a homology-directed gene targeting mechanisms and their efficiencies in crops and animals.

Nuclease HDR Enhancing System Target Gene Target HDR efficiency References
Organism/plant percentage
FnCas12a and LbCas12a Repairing DNA template flanked by Chlorophyllide-a oxygenase Rice 3-8 Begemann et al.,
1000 bp homology DNA gene (CAO1) 2017
fragments/arms
LbCas12a Ribonucleo Protein (RNP) Complex slc45a2(albino) and tyr Zebrafish and 5-7 Moreno-Mateos
(tyrosinase) Xenopus etal., 2017
Synthesis dependent repair with donor  Acetolactate synthase gene Rice 0.014 Lietal, 2018a
repair template coupled with left (ALS)
homologous arm is sufficient for HDR
mechanism
0.021
Ribozyme based strategy to synthesize  Acetolactate synthase gene Rice 4.6 Lietal, 2019a
crRNA's and DNA repair template (ALS)
1.7
Utilization of homologous Acetolactate synthase gene  Arabidopsis 1.47 Wolter and Puchta,
recombination enhancers (ALS) 2019
Utilization of viral multi replicon system  Salt-tolerant (SIHKT1;2) Tomato 45-9.8 van Vu et al., 2020
(de novo engineered geminiviral
replicon system) to increase the
availability of donor template
CRISPR-SpCas9 SpCas9, sgRNA and single-stranded Phytoene Rice 6.8 Shan et al., 2013
DNA oligo’s (72 base pair) into plant desaturase-OsPDS
cells
CRISPR-Cas9 gRNAs targeting Lig4 gene were Acetolactate synthase gene Rice 0.15-1.0 Endo M. et al.,
transformed with Cas9- Lig4 knockout  (ALS) 2016
resulted in enhancement of HDR
Geminivirus based vectors to release Actin-1 (ACT1) Rice 6.8-19.4 Wang et al., 2017a
abundant HDR template
Glutathione S-transferase 7.7
(GST)
CRISPR-SpCas9 DNA donor template contains Liguleless1-LIG1 Maize 0.2 - 4.61 Svitashev et al.,
constitutively expressing PAT gene with 2015
1 kb homologous arm surrounding the
target gene
Male fertility genes - Ms26 0.13 - 3.11
Male fertility genes - Ms45 0.47 -1.87
Acetolactate synthase gene 1.356-2.23
(ALS1 and ALS2)
CRISPR-Cas9-VirD2 Cas9-VirD2 chimeric protein helps in Acetolactate synthase gene  Rice 4.1-20.8 Ali et al., 2020
DSB and bringing close proximity of (ALS)
phosphorothioate mediated template
DNA through VirD2 relaxase
Histone Deactylase (HDT) 0.2-8.7
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FIGURE 5 | Proposed modifications of Cas12a for improved editing efficiency in plants. (i) Improved dCas12a activators and repressors for modifying gene
expression, (ii) High efficiency gene targeting through homology repair mechanisms, (iii) Nickases, (iv) Chemically modified and structurally engineered crRNA, (v)
Base editors for point mutations and indel insertions, (vi) Increase genome editing efficiency at low temperature, (vii) PAM-flexible Cas12a variants.

HDR of ALS. Further refinements to the Cas12a system including
the utilization of ribozymes and silent PAMs for homologous
gene replacement in rice and maize have increased the frequency
of template mediated repair using LbCas12a (Wolter and Puchta,
2019; Li et al., 2019b). To increase the availability of donor
template van Vu et al, 2020 utilized a geminivirus replicon
system to introduce a salt tolerance allele of ANTI and achieved
a higher HDR efficiency rate of 9.8% compared with SpCas9 in
tomato. Application of various strategies to insert genes through
a homologous repair pathway enables one to edit crops with
desired traits at a high frequency which is otherwise not possible
with standard transgenic approaches. Further improvement and
novel strategies of improving homologous recombination is
greatly needed to fulfill important need of allele replacement
in higher crops. Multiple techniques need to be tested widely
such as combining different Agrobacterium virulence proteins

(Vir proteins) with Casl2a, recruiting HDR proteins such as
RAD group proteins with Casl2a, increasing donor template
concentration in the presence of DSB by viral vectors (Figure 5).

SUMMARY

The utility of genome editing in plants is clear. From deepening
our understanding of fundamental biological processes to
engineering synthetic circuits and potentially introducing
entirely novel biosynthetic pathways into production hosts,
the CRISPR-Cas toolbox truly is revolutionizing plant biology.
Here, we have reviewed some of the fundamental differences
between the two most widely utilized systems for plant genome
engineering and suggest that both Cas9 and Cas12a have unique
advantages and disadvantages for genome engineering. As off
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target mutations occur at low frequencies with both enzymes
(Stupar et al., 2020), it is recommended that seed stocks should
not be maintained with active Cas proteins in the genome. In
the case of RNP delivery, this is not an issue, but when the
reagents are delivered as DNA molecules, it is likely that the
frequency of off targets will increase the longer the nuclease
remains in the genome and primary targets are exhausted. Once
the primary target is mutated and no longer serves as a target
for the gRNA, then the probability of the gRNA identifying
a new target even with some mismatches likely increases. In
practice, and in particularly for plant breeding applications,
these potential off-target events would be purged with successive
backcrossing and in light of alternative approaches (e.g., chemical
mutagenesis), the mutational load associated with CRISPR/Cas
will be dramatically lower. Nevertheless, strategies to induce
and characterize CRISPR-induced alleles, should incorporate the
segregation of the CRISPR transgenes out of the plant genome
and ensure that alleles generated are homozygous rather than
chimeric/heterozygous.

Future strategies to develop synthetic circuits (Jusiak et al.,
2016) or to engineer novel pathways will likely incorporate
multiple Cas enzymes that can serve alternatively as repressors
or activators of suites of genes (Lowder et al., 2018; Ming et al,,
2020). These artificial transcriptional activators or repressors
can be guided to specific loci to globally up or down regulate
entire suites of genes. It is also easy to envision scenarios where
entirely orthologous circuits are introduced and regulated by
entirely novel promoter elements. In such a way an entirely new
pathway may be introduced and expressed in a developmentally-
or environmentally controlled manner.

Although the possibilities of engineering plant systems are
exciting, these strategies must also be tempered by the regulatory
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