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Introduction: DNA integration is a key factor limiting the marketing of CRISPR/

Cas9-mediated gene edited crops. Several strategies have been established to

obtain transgene-free gene edited plants; however, these strategies are usually

time-consuming, technically difficult, providing low mutagenesis efficiency,

and/or including a narrow host range.

Method: To overcome such issues, we established a paraquat resistant 1

(PAR1)-based positive screening (PARS) strategy, which achieved efficient

screening of transgene-free gene edited plants.

Results: With PARS, the screening efficiency of mutant increased by 2.81-fold

on average, and approximately 10% of T1 plants selected via PARS were

transgenefree. Moreover, heritable transgene-free mutations at target loci

were identified in the T1 generation.

Discussion: Based on the previous reports and our data, we know that paraquat

is toxic to all green plants, PAR1 is conserved among all plant species tested,

and the transient expression of Cas9 editor can produce transgene-free gene

edited plants. Thus, we assume that the PARS strategy established here has the

potential to be widely used to screen transgene-free mutants in various crops

using diverse CRISPR/Cas9 delivery approaches.

KEYWORDS

transgene-free gene edited plant, paraquat resistant 1, selection marker, CRISPR/
Cas9, Agrobacterium-mediated transformation

Introduction

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-

associated endonuclease 9 (Cas9) system has been applied to multiple plant species for

gene editing to facilitate studies on gene function and crop improvement (Chen et al.,

2019; Gaillochet et al., 2021; Gao, 2021). However, the integration of the CRISPR/Cas9
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construct can lead to phenotype instability, internal gene

expression disturbance, and concerns related to genetically

modified organism-associated legislation (Jones, 2015; Kim

and Kim, 2016; Turnbull et al., 2021). Therefore, transgene-

free gene edited plants is ideal for gene functional studies and

agricultural applications. Two strategies are typically applied to

produce transgene-free gene edited plants: (1) elimination of the

integrated CRISPR/Cas9 construct via genetic segregation and

(2) transient expression of the Cas9 editor (Gu et al., 2021). The

first strategy has been used extensively. Moreover, it is suitable

for most species that can be transformed with Agrobacterium.

However, this strategy requires the selection of transgene-free

gene edited plants from the progenies of transgenic plants, which

is laborious and unfeasible in vegetatively propagated plants,

such as potato or trees, with a long juvenile period (Gao et al.,

2016; Lu et al., 2017; He et al., 2018; He et al., 2019; Stuttmann

et al., 2021). The second strategy delivers DNA, in vitro-

t r ansc r ibed RNA, or preas sembled CRISPR/Cas9

ribonucleoproteins to protoplasts, zygotes, and embryo cells

via particle bombardment or polyethylene glycol Ca2+

(Svitashev et al., 2016; Zhang et al., 2016a; Liang et al., 2017;

Park and Choe 2019). These approaches are mostly technically

difficult and inefficient. Therefore, an inexpensive, convenient,

and highly efficient approach is required for producing

transgene-free gene edited plants.

Agrobacterium-mediated transformation is a low-cost and

simple method to deliver Cas9 editors in plant cells (Hwang

et al., 2017). More importantly, transgene-free gene edited plants

have been detected in regenerated seedlings from cells inoculated

with Agrobacterium carrying the CRISPR/Cas9 construct

without selection (Chen et al., 2018). However, the efficiency

of this strategy is relatively low, as most of the regenerated

seedlings are unmutated. Thus, a screening marker is required to

enrich the transgene-free gene edited plants. Previous studies

have shown that some exogenous and endogenous genes can be

used as co-editing markers to improve screening efficiency. For

example, the hygromycin resistance gene (HygR) in construct

and GLABRA2 (GL2) in genome (Xu et al., 2020; Kong et al.,

2021). Whereas, these markers are not conducive to the

screening of transgene-free gene edited plants. We assume

some genes that provide plants with herbicide or antibiotic

resistance when mutated, e.g., acetolactate synthase (ALS) and

multiple antibiotic resistance 1 (MAR1), can be used as markers

for this purpose (Aufsatz et al., 2009; Zhang et al., 2019; Rinne

et al., 2021). However, ALS can only serve as a selection marker

for base editors because some point mutation forms of ALS,

rather than its knockouts, provide herbicide resistance to plants

(Yu and Powles, 2014). Null mutation of MAR1 results in plant

resistance to several aminoglycoside antibiotics, including

kanamycin, streptomycin, gentamicin, etc. (Rinne et al., 2021).

Among these antibiotics, kanamycin has been applied to select

transgenic plants in multiple plants but works inefficiently in

some species, such as tomato (Honda et al., 2021). Paraquat
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resistant 1 (PAR1), a gene that encodes a putative L-type amino

acid transporter protein localized to the Golgi apparatus, was

screened from an Arabidopsis ethyl methanesulfonate (EMS)

mutant library, and its paraquat resistance phenotype was

further confirmed by analyzing its T-DNA mutants, indicating

that the par1 loss-of-function mutant could be selected through

paraquat treatment. Importantly, paraquat is nonselective

herbicide for green plants (Nazish et al., 2022) and par1

mutants exhibit no obvious developmental defects in

Arabidopsis (Li et al., 2013). However, it is not clear whether

PAR1 can be used as a screening marker for CRISPR/Cas9.

Here, we created par1 mutants in Arabidopsis using the

CRISPR/Cas9 system, which revealed that abolishing the

function of PAR1 exhibited a strong paraquat-resistant

phenotype without growth penalties under both normal

growth and several stress conditions. We also confirmed that

PAR1 can be used as a coediting marker to enrich mutants of

target loci. Furthermore, we found that transgene-free gene

edited plants could be easily detected in the T1 generation

using PAR1 as a selection marker. Given that PAR1 is a

conserved protein in all plant species tested, we proposed that

this PAR1-based positive screening (hereafter, referred to as

PARS) strategy may be applicable for various plant species and

multiple CRISPR/Cas9 delivery approaches.
Materials and methods

Plant growth conditions, transformation,
and selection

Arabidopsis thaliana accession Col-0 was used as the wild

type. Seeds were surface sterilized and plated on 1/2 Murashige

and Skoog (MS) medium containing 2.2% (w/v) MS basal salts,

1.5% (w/v) sucrose, 0.05% (w/v) MES (pH 5.7) and 0.8% (w/v)

agar or in soil with a 16 h light/8 h dark photoperiod at 22 °C.

Agrobacterium-mediated transformation of plants was

performed by floral dip (Clough and Bent, 1998). To select

transgenic plants, T0 seeds were surface sterilized and sown on

1/2 MS medium containing 25 mg/L hygromycin. While for

transgene-free gene edited plants selection, T0 seeds were sown

on 1/2 MS medium containing 1 mM paraquat. After 14 days of

growth on sterile agar plates, resistant seedlings were transferred

to soil. To further confirm the T1 edited plants without Cas9,

their seeds were sown on 1/2 MS medium supplemented with 25

mg/L hygromycin for two weeks
Construction of CRISPR/Cas9 vectors

Four single guide RNAs (sgRNAs), i.e., sgRNApar11–4,

targeting PAR1 were designed using the online predictor tool

CCTop (https://cctop.cos.uni-heidelberg.de/), and the efficacy
frontiersin.org
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score and mismatch positions were used as evaluation criteria.

Additionally, sgRNAs targeting jasmonate-ZIM-domain protein

1 (JAZ1) and gibberellic acid insensitive (GAI) were used as

previously described (Kong et al., 2021). Each oligonucleotide

pair coding for the designed sgRNAs was annealed to form

double-stranded DNA (dsDNA). The sequences of the

synthesized DNA oligonucleotides and all primers used in this

study are listed in Supplementary Table S1.

To construct pHEE401E (Wang et al., 2015) vectors

targeting four different sites of PAR1 and one site of JAZ1 or

GAI, the dsDNA was fused to the BsaI-digested vector

pHEE401E using T4 DNA ligase (EL0011, Thermo

Scientific™). To construct a new vector named pPARS, which

targets PAR1 as a selection marker, the DNA sequence of

sgRNApar13 was introduced into the PAR1-2Tar-R primer

when the primer was synthesized. The primer pair PAR1-

2Tar-F/R (Supplementary Table S1) was then used to amplify

a sequence containing the U6 terminator-U6 promoter-

sgRNApar13 element using the pCBC-DT1T2 plasmid as a

template (Xing et al . , 2014). Through homologous

recombination using ClonExpress® II One Step Cloning Kit

(C112, Vazyme Biotech co., ltd.), this element was ligated into

the pHEE401E binary vector digested by BsaI. Additionally, a

BsaI restriction site was added to the PAR1-2Tar-F/R primers;

hence, the final vector retained the BsaI cleavage site, allowing

the insertion of sgRNAs for the target loci of interest. DNA

sequence for pPARS plasmid was shown in Supplementary Data

Set S1. To produce the pPARS constructs targeting JAZ1 or GAI,

their dsDNAs were introduced into the BsaI sites of pPARS

vectors. Agrobacterium tumefaciens strain GV3101 was

transformed with the final binary vectors for floral dip.
Genotyping of the transgenic plants

Genomic DNA was extracted from 4-week-old plant leaves

using DNA extraction buffer [50 mM Tris–HCl (pH 7.5), 300

mM NaCl, and 300 mM sucrose]. To confirm the integration of

T-DNA or CRISPR/Cas9-introduced mutations of the target

gene, gene-specific primers (Supplementary Table S1) were used

for PCR amplifications with EasyTaq® DNA Polymerase

(AP111; TransGen Biotech Co., Ltd.) under the following

cycling conditions: initial denaturation at 95°C for 5 min; 35

cycles at 95°C for 30 s, 58°C for 30 s, and 72°C for 60 s; and final

extension at 72°C for 5 min. The PCR products were visualized

on a 1% agarose gel, and samples with no Cas9-specific band

were considered transgene-free gene edited plants. Additionally,

Sanger sequencing was performed to identify mutations in the

target region. All sequencing data were analyzed using online

software (http://shinyapps.datacurators.nl/tide/ and https://ice.

synthego.com/#/).
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Biomass and flowering time analysis

To detect the fresh weight of Col-0 and par1, plants were

sown in soil and grew in chamber with a 12 h light/12 h dark

photoperiod at 22°C. After three and a half weeks, plant weight

was determined. For the determination of flowering time, Col-0

and par1 were grown in soil at 22°C under 16-h light/8-h dark

cycles. Flowering time was estimated by counting the number of

rosette leaves according to the visible flower buds at the center of

the rosette and the days from sowing to flowering.
Root growth assay

To analyze whether PAR1 affects plants to cope with

multiple stresses, WT and par1 were sown on 1/2 MS medium

vertically with or without 200 mM mannitol, 150 mM NaCl or 8

mM NaHCO3, respectively, and growing under 12 h light/12 h

dark photoperiod at 22°C for 12 d. To detect the response of WT

and par1 to low temperature, WT and par1 were sown on 1/2

MS medium vertically and growing under 12 h light/12 h dark

photoperiod at 12°C for 12 d. To evaluate whether PAR1

mutation affects the functional analysis of target genes,

Arabidopsis seeds of WT, T1 seeds of par1 #10 and jaz1 par1

#17 were surface sterilized and sown on 1/2 MS medium

vertically with or without 50 mM methyl-jasmonate (JA) for

10 d, following which primary root length was measured using

the ImageJ software (https://imagej.nih.gov/).
Sequence alignment
and phylogenetic analyses

Amino acid sequences of PAR1 in different species were

obtained from NCBI (http://www.ncbi.nlm.nih.gov). Multiple

sequence alignment was performed using the ClustalW

algorithm with 1,000 bootstrapping trials and the phylogenetic

analysis was conducted using the neighbor-joining method in

MEGA 7.0.14 software with 1000 bootstrap value.
Statistical analysis

Statistical analyses were performed using Graph Pad Prism

8.0. The statistical significance levels (value of p<0.05) was

determined by Student’s t-test or one-way ANOVA.
Accession numbers

PAR1: At1g31830; JAZ1: At1g19180; GAI: At1g14920.
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Results

Design of the PARS strategy

As a screening marker of the CRISPR/Cas9 system, its

mutants should be easily screened out under certain

conditions and should not have obvious fitness costs for

subsequent application. Using a literature search, we

confirmed that PAR1 met these necessary criteria. PAR1 is a

Golgi-localized transporter that may be responsible for the

uptake of paraquat into chloroplasts to generate toxic reactive

oxygen species (Li et al., 2013). Knockout of PAR1 resulted in a

paraquat-resistant phenotype and moreover showed no growth

defect, which perfectly fit our requirements. Thus, we designed

the PARS screening strategy to efficiently select transgene-free

gene edited plants based on PAR1mutation. First, the expression

cassette of PAR1 sgRNA driven by the AtU6 promoter was

cloned into pHEE401E to construct the pPARS vector

(Figure 1A), which has an additional sgRNA expression

cassette for the target site and a Cas9 expression cassette

driven by the enhancer of egg-cell specific promoter EC1.2

fused to the EC1.1 promoter, thus reducing the ratio of

chimeric mutants (Wang et al., 2015). The sgRNA for the

target locus was then introduced into pPARS, and the final

construct was used to transform Arabidopsis plants via floral dip

(Figure 1B). The seeds of T0 plants were collected and sown on

1/2 MS plates supplemented with paraquat to screen par1

mutants. Additionally, DNA was extracted from the par1

mutants to determine whether they were transgene-free

mutants via PCR with Cas9 primers. Finally, the transgene-

free T1 plants were sequenced to determine whether mutations

occurred at target loci (Figure 1B).
PAR1 is a suitable marker for the selection
of CRISPR/Cas9-created mutants

To select a suitable sgRNA for PAR1, we designed four

sgRNAs for this gene. As shown in Supplementary Figure S1,

sgRNApar11–4 targeted 79, 118, 313, and 905 bp downstream of

the translation start site ATG. We obtained ≥ 30 T1 plants for

each sgRNApar1, and all T1 plants of the four sgRNApar1s were

sequenced. The mutation rates of the four target sites were

46.67%, 13.64%, 43.33%, and 15.91%, respectively, and

sgRNApar13 exhibited the highest homozygous and biallelic

mutation efficiency, i.e., 20% (6/30) and 10% (3/30) of the T1

plants were homozygous and biallelic, respectively (Figure 2A

and Supplementary Table S2). Therefore, sgRNApar13 was used

to construct pPARS. A homozygous par1 mutant created using

sgRNApar13 was selected to determine whether the par1 mutant

can be easily screening out using paraquat and has no growth

penalty as reported (Li et al., 2013). To determine the feasibility
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of screening par1 mutants using paraquat, we mixed 25 par1

homozygous seeds with 0.2 g of WT seeds and selected them

using 1 mM paraquat according to a previously published

method (Li et al., 2013) All plants screened using 1 mM
paraquat were par1 mutants (Figure 2B and Supplementary

Figure S2), indicating the screening with 1 mM paraquat is

very efficient. To determine whether the par1 mutants exhibit

growth defects, we compared the growth statuses of three- and

six-week-old WT and par1 mutant plants. As shown in

Figures 2C, D, the growth of the par1 mutant and WT did not

differ significantly at these stages. We also measured the

biomass, flowering time, and seed weight per plant of the WT

and par1 mutant and found no significant difference between

them (Figures 2E, F and Supplementary Figure S3). Importantly,

mutating PAR1 exerted no negative effects on plant growth

under multiple stress conditions (Supplementary Figure S3).

Collectively, these results suggest that PAR1 is a suitable

marker for selecting gene edited CRISPR/Cas9-created mutants.
Transgene-free PAR1-edited plants can
be screened from T1 plants

As we know, transiently expressing Cas9 and sgRNA can

create transgene-free gene edited plants (Zhang et al., 2016a),

and furthermore, transgene-free gene edited plants were

obtained in plants that were regenerated from calli transiently

expressing Cas9 from T-DNA delivered by Agrobacterium

without selection (Chen et al., 2018). We assumed that the

transgene-free par1 mutant could be detected in T1 plants if we

selected T0 seeds by paraquat. For this purpose, we equally

divided T0 seeds (1.2 g) obtained from the same transformation

event (with sgRNApar13) into two groups, sowing these seeds on

1/2 MS plates supplemented with either hygromycin or

paraquat. In total, 217 and 60 positive seedlings were observed

on hygromycin and paraquat plates, respectively (Figure 3A).

We sequenced all positive seedlings and found that 63 of 217

hygromycin-resistant plants were par1 mutants, with 26.98%

(17), 12.70% (8), 53.97% (34), and 6.35% (4) being homozygous,

b ia l le l ic , heterozygous, and chimeric , respect ive ly

(Supplementary Figure S4 and Supplementary Table S2). All

60 paraquat-resistant seedlings were par1 mutants, with 43.33%

homozygotes (26), 31.67% biallelic mutants (19), 20.00%

heterozygotes (12), and 5.00% chimeras (3) (Figure 3B and

Supplementary Table S2). We were surprised to detect

heterozygotes in the paraquat plates because the par1

mutation is recessive according to a previous report (Li et al.,

2013). However, the ratio of homozygotes and biallelic mutants

was higher and that of heterozygotes was lower in paraquat-

resistant plants than in hygromycin-resistant par1 mutants,

indicating that the screening is efficient. Given that increasing

the concentration of paraquat in selection medium is lethal to
frontiersin.org
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>20% of par1 homozygotes, we continued to use 1 mM paraquat

for the following experiments (Li et al., 2013).

The above results indicate that more par1 homozygous and

biallelic mutants were obtained from paraquat plates than from
Frontiers in Plant Science 05
hygromycin plates with the same amount of T0 seeds; therefore,

some par1 mutants selected on paraquat plates were likely

transgene-free. To confirm this hypothesis, Cas9-specific primers

were used to validate the integration of T-DNA in paraquat-selected
A

B

FIGURE 1

Schematic showing the PARS strategy to screen transgene-free gene edited plants. (A) The structure of the pPARS plasmid. The expression of
sgRNAPAR1 and sgRNAtarget is driven by the U6-29 and U6-26 promoters, respectively. The Cas9 expression cassette includes the EC1 promoter
(EC1.2 enhancer plus EC1.1 promoter) and the CDS of Cas9. Hyg R, hygromycin resistance gene; Kan R, kanamycin resistance gene; RB and LB,
T-DNA right and left borders, respectively. (B) Outline of the PARS strategy. pPARS constructed with sgRNAtarget was transformed into Col-0
plants by floral dip. T0 seeds were collected and sown on paraquat-containing plates to select paraquat-resistant plants, which are shown as
large green seedlings. The DNA of paraquat-resistant T1 seedlings was extracted, and PCR was performed using Cas9-specific primers to select
transgene-free plants. The Cas9-containing seedlings were discarded, and Cas9-free seedlings were further sequenced for mutation at the
target locus to obtain transgene-free gene edited plants. The blue triangle on the seedling indicates insertion of Cas9, and the red diamond
indicates mutation at the target site. Portions of the images were modified from the Microsoft PowerPoint clip art database.
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plants. We found that 11.67% (7/60) of paraquat-resistant plants

were transgene-free (Figure 3C and Supplementary Figure S5A),

and all of them were par1 homozygous or biallelic mutants

(Supplementary Figure S5B). Subsequently, we sowed the T1

seeds of these plants on hygromycin plates and found that they

were all hygromycin-sensitive, supporting the finding that these

lines were transgene-free (Figure 3D). Overall, these results indicate

that PAR1 can be used as a screening marker to obtain transgene-

free gene edited plants using the CRISPR/Cas9 system.
Frontiers in Plant Science 06
PARS strategy enhances screening
efficiency at target sites
As co-editing is a common phenomenon in multiplex gene

edited plants, adding selection markers has been shown to enrich

the mutants of target sites created using the CRISPR/Cas9 system

(Zhang et al., 2016b; Wang et al., 2019; Kong et al., 2021). We

assumed that the PAR1 locus could also serve as a selection marker
A B

D E F

C

FIGURE 2

PAR1 is a suitable selection marker for transgene-free gene edited plants. (A) Percentages of WT and different types of mutations at four
sgRNAPAR1 target loci among their T1 plants. (B) Selection of the par1 mutant on 1/2 MS medium supplemented with 1 mM paraquat. The large
and green seedlings indicated by red arrows are paraquat-resistant seedlings. (C) Representative three-week-old WT and par1 mutant plants. (D)
Representative six-week-old WT and par1 mutant plants. (E) The fresh weight per plant of WT and par1 mutant (n = 20) growing in soil with a
12 h light/12 h dark photoperiod at 22°C for three and a half weeks. (F) Seed weight per plant for WT and the par1 mutant (n = 30). Data are
shown as mean ± SD. ns, no significant difference.
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to enhance the screening efficiency. Therefore, we constructed two

sgRNAs targeting JAZ1 andGAI on pPARS, and the final constructs

were transformed into Arabidopsis. A third of the T0 seeds were

selected on 1/2 MS supplemented with hygromycin, whereas two-

thirds of these seeds were selected on paraquat plates. In total, 57

hygromycin-positive seedlings and 25 paraquat-positive seedlings

were detected for JAZ1, and all seedlings were sequenced to identify

the mutation form at the target. We found that the screening

efficiency increased from 12.28% to 72.00% (Figure 4A,

Supplementary Figure S6A and Supplementary Table S2).

Furthermore, 56.00% of paraquat-positive plants were

homozygous or biallelic jaz1 mutants compared with only 5.27%

of hygromycin-positive plants (Figure 4A, Supplementary Figure

S6A and Supplementary Table S2). For theGAI target, we identified

70 hygromycin-positive seedlings with 12 gaimutants (17.14%) and

25 paraquat-positive seedlings with 8 gai mutants (32.00%)

(Figure 4B, Supplementary Figure S6B and Supplementary Table

S2). Among the selected seedlings, 4.29% (3) and 28.00% (7) were
Frontiers in Plant Science 07
homozygous or biallelic mutants in hygromycin-positive and

paraquat-positive seedlings, respectively (Figure 4B,

Supplementary Figure S6B and Supplementary Table S2). Taken

together, these findings confirm that PARS facilitates the mutant

screening at target loci.

To rule out the effect of expressing two sgRNAs on editing

efficiency, we constructed sgRNAs of JAZ1 and GAI to

pHEE401E and found that the mutation frequencies were

30.14% and 10.64%, respectively (Figures 4C, D). The

homozygous/biallelic ratio of T1 seedlings was 21.32% for

JAZ1 and 2.12% for GAI (Figures 4C, D and Supplementary

Table S2). Even though the mutation efficiency was affected by

coexpressing sgRNApar13, PARS still facilitates mutant screening

at target loci, especially the screening of homozygous and

biallelic mutants. Based on our results, PARS increased

screening efficiency by 2.03-fold for JAZ1 and 3.58-fold for

GAI compared with the original vector pHEE401E (Figure 4

and Supplementary Table S2).
A

B D

C

FIGURE 3

Transgene-free par1 mutants could be detected when T0 seeds were selected by paraquat. (A) Outline of selecting equal amount of T0 seeds
transformed with sgRNApar1 by hygromycin and paraquat. (B) Percentages of different types of mutations at the PAR1 locus among all T1 plants
selected on paraquat plates. (C) The PCR results of transgene-free T1 plants amplified with Cas9-specific primers. P: positive control (PCR with
DNA extracted from a transgenic plant containing Cas9). N: no sample control (PCR with no DNA sample). (D) The progenies of transgene-free
par1 mutants are sensitive to hygromycin. Seeds of these transgene-free T1 plants were sown on 1/2 MS plates supplemented with 25 mg/L
hygromycin for two weeks.
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Transgene-free gene edited plants with
modifications at target sites can be
obtained using PARS

To determine whether transgene-free plants with a

modification at the target locus can be obtained using PARS,

we retransformed the construct of pPARS-sgRNAJAZ1 into 24 of

Arabidopsis plants to obtain more T0 seeds, after which we

selected all T0 seeds on 1/2 MS plates supplemented with 1 mM
paraquat. In total, 106 paraquat-resistant seedlings were

obtained for sgRNAJAZ1, 10 of which were transgene-free, as

identified via PCR with Cas9-specific primers (Figure 5A and

Supplementary Figure S7A). We sequenced these 10 transgene-

free seedlings and found 8 biallelic mutants and 2 heterozygotes

for the JAZ1 locus (Figure 5B). For example, #17, a biallelic

mutant for JAZ1, had a 1 bp insertion in one allele and a 1 bp

deletion in the other allele (Figure 5B). The T1 seeds of all lines

were hypersensitive to hygromycin, confirming that they were

transgene-free mutants (Supplementary Figure S7B). JAZ1

belongs to a member of the transcriptional repressor family

involved in jasmonic acid (JA) signaling, and the JAZ1 sgRNA,

designed to target the coding region of the JA-associated

domain, generates mutants with compromised sensitivity to

exogenous JA (Thines et al., 2007). Therefore, we sought to

determine whether the PAR1 mutation impedes the functional

study of JAZ1. Accordingly, we sowed WT, par1, and jaz1 par1

seeds on 1/2 MS plates supplemented with 50 mM MeJA, and

observed no significant difference between the WT and par1

mutant indicating PAR1 mutation does not change plant

response to JA (Figure 5C, D). The jaz1 mutant phenotype

was further investigated in the par1 background. Consistent with

the results of a previous study (Kong et al., 2021), JA resistance
Frontiers in Plant Science 08
was increased in the T2 seedlings of jaz1 #17 compared with that

in control plants (Figures 5C, D). Collectively, these results

indicate that the PAR1 mutation does not affect the functional

study of target genes.

We also showed that transgene-free gai mutant could be

identified via PARS using pPARS-sgRNAGAI. Among all 33

paraquat-positive T1 plants for GAI, three transgene-free

plants were detected (Figure 5E and Supplementary Figure

S8A). Additionally, one transgene-free plant (line 21) was

identified as gai heterozygous (Figure 5F). Furthermore, its

progenies were hygromycin-sensitive (Supplementary Figure

S8B). We believe that screening more T0 seeds on paraquat

plates would lead to the identification of homozygous/biallelic

mutants for GAI. These results support our claim that PARS is

an appropriate strategy for obtaining transgene-free gene edited

plants via the CRISPR/Cas9 system. ALS has been used as

selection marker to obtain the transgene-free base edited

plants (Zhang et al., 2019). As CRISPR-STOP could result in

gene silence through base editor-created null mutations (Kuscu

et al., 2017), we assume transgene-free base edited mutants could

also be screened using PARS with PAR1 sgRNAs to generate

stop codons.
PARS has the potential to be applicable
to multiple crop species

To determine whether the PARS strategy has the potential to

be used for obtaining transgene-free gene edited crop plants, we

investigated the conservation of PAR1 in different crop species.

The Arabidopsis PAR1 amino acid sequence showed high

similarity with its homologous proteins from Nicotiana
A B DC

FIGURE 4

Mutation type and frequency at target sites with or without PARS. (A) Percentages of WT and different types of mutations at JAZ1 loci selected
using PARS on paraquat (PQ) plates. (B) Percentages of WT and different types of mutations at GAI loci selected using PARS on paraquat (PQ)
plates. (C) Percentages of WT and different types of mutations at JAZ1 loci using the original system (pHEE401E). (D) Percentages of WT and
different types of mutations at GAI loci using the original system (pHEE401E).
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tabacum, Solanum lycopersicum, Glycine max, Triticum

aestivum, Zea mays, Sorghum bicolor, and Oryza sativa

(Supplementary Figure S9). To further investigate the

relationship between the PAR1 protein and its homologs in

different species, a phylogenetic tree was generated with the

neighbor - joining likelihood method using MEGA 7.0.14, which
Frontiers in Plant Science
 09
further confirmed PAR1 is a conserved protein (Figure 6). Since

multiple PAR1 homologs were identified in each crop, e.g., three

PAR1-like genes were observed in tomato, the PAR1 homolog

that drives the transport of paraquat in the corresponding plant

must be identified to enable the selection of transgene-free gene

edited plants using PARS. Additionally, whether eliminating the
frontiersin.org
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FIGURE 5

Transgene-free gene edited plants could be created by PARS strategy. (A) The PCR results of transgene-free T1 plants of pPARS-sgRNAJAZ1

amplified with Cas9-specific primers. P: positive control (PCR with DNA extracted from a transgenic plant containing Cas9). N: no sample
control (PCR with no DNA sample). (B) The DNA sequences of the transgene-free jaz1 mutants. The reference sequence of WT is shown on the
top. The PAM sequence is shown in red. These indels in mutant alleles are depicted by a dash (deletion) or bold letter (insertion). (C)
Representative seedlings of WT, par1 mutant and jaz1 par1 double mutant grown on 1/2 MS plates with or without 50 mM JA. (D) The analysis of
primary root length of WT, par1 mutant and jaz1 par1 double mutant grown on 1/2 MS plates with or without 50 mM JA. (E) The PCR results of
transgene-free pPARS-sgRNAGAI T1 plants amplified with Cas9-specific primers. P: positive control (PCR with DNA extracted from a transgenic
plant containing Cas9). N: no sample control (PCR with no DNA sample). (F) The DNA sequences of the transgene-free gai mutant. The
reference sequence of WT is shown on the top. The PAM sequence is shown in red. The deletions in mutant allele are depicted by dashes.
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function of PAR1 homologs will harms crop development also

needs to be considered before applying PARS in the

corresponding crop.
Discussion

To avoid the insertion of foreign DNA, multiple strategies have

been established to transiently express genome editors in plants

(Zhang et al., 2016a; Liang et al., 2017; Chen et al., 2018). However,

most of these strategies are generally accompanied by low mutant

frequency, as no selection marker can be used to exclude the

unmodified seedlings. Thus, there is an urgent need for a method

to easily screen gene edited plants out from all regenerated ones.

The PARS strategy we developed in this study meets this need well.

We believe paraquat resistant 1 (PAR1) is a perfect selection marker

to screen transgene-free gene edited plants based on the following

two reasons. First, the loss-of-function mutant of PAR1 could be

easily screened out through paraquat treatment and no obvious

developmental defects was detected in this study (Figure 2). Second,

paraquat is a nonselective herbicide for green plants, and the PAR1
Frontiers in Plant Science 10
gene is conserved in different plants, suggesting that this strategy has

the potential to be adopted to other crops (Figure 6) (Nazish et al.,

2022). We used Agrobacterium transformation, the most widely

used approach of CRISPR/Cas9 delivery for plants, as an example to

verify our hypothesis in this study. We believe PARS is also

applicable to gene editing achieved with other transformation

methods, such as particle bombardment. nanomaterials scenario

and RNA- or RNP-mediated gene editing.

This study revealed that PAR1 can serve as a selection

marker to enrich screening efficiency at target loci (Figure 4).

Because coediting frequently occurs when multiple sgRNAs are

delivered in the same plant cells (Zhang et al., 2016b; Wang et al.,

2019), multiple coselection strategies have been established to

enrich edited plants at target loci (Zhang et al., 2019; Xu et al.,

2020; Kong et al., 2021). For example, base editing on P174 of

wheat ALS enriches the mutation frequency of the target by

several fold (Zhang et al., 2019), and GLABRA2 mutation-based

visible selection increased the screening efficiency by 2.58- to

7.50-fold in Arabidopsis (Kong et al., 2021). In the PARS system

established here, the screening efficiency was increased on

average by 2.81-fold (Figure 4). Moreover, 28% of gai mutants
FIGURE 6

The phylogenetic analysis of PAR1 and PAR1 homologs in several crops. Arabidopsis PAR1is highlighted in red. The numbers above the branches
indicate bootstrap values. The bar indicates a genetic distance of 0.05.
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and 56% of jaz1 mutants among T1 plants were homozygous/

biallelic (Figure 4). Importantly, mutating PAR1 had no obvious

effect on the functional study of the jaz1 mutant (Figure 5). We

assume that transgene-free gene editing events mediated by

Cas9, such as fragment deletion and insertion and fragment

replacement, could also be enriched and screened using PARS.

Moreover, PARS could also facilitate isolating transgene-free

gene editing events mediated by base editor thorough creating

stop codons in PAR1 (Kuscu et al., 2017).

Paraquat, the third most commonly used herbicide in the

world, is nonselective and has a broad spectrum (Nazish et al.,

2022). Other than the PAR1 mutation, paraquat tolerance 15-D

(PQT15-D) is the dominant mutation that confers high resistance to

paraquat (Xia et al., 2021). The overexpression of paraquat

resistance genes, such as Ochrobactrum anthropi pqrA and

EiKCS, also confers paraquat resistance in plants (Jo et al., 2004;

Luo et al., 2022). Thus, paraquat could serve as a potential

alternative for selecting transgenic plants, especially when the

target plants are tolerant to conventional antibiotics such as

kanamycin and hygromycin. To the best of our knowledge, no

transgene-free paraquat-resistant crops have been developed to date

owing to the lack of knowledge on the mechanisms underlying

paraquat resistance (Nazish et al., 2022). If the functional PAR1 and

PQT15 homologs that transport paraquat were identified in

different crops, PAR1 and PQT15 would likely be the best editing

targets for producing paraquat-resistant crops. The transgene-free

gene edited plants obtained through the PARS strategy will also

offer the possibility of crops with herbicide resistance, which is a

major requirement in modern agriculture (Zhu et al., 2020).

The application of PARS should be extended to other gene

editing methods, including zinc-finger nucleases (ZFNs) and

transcription activator-like effector nucleases (TALENs) (Zhang

et al., 2017; Shamshirgaran et al., 2022). As PAR1 is conserved

among different plants tested (Figure 6), we propose that the PARS

system has the potential to be widely used in the gene editing of

various plant species using multiple gene editing systems.
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