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Dear Editor,

Oenanthe javanica (Blume) DC., a perennial aquatic herb in

the Apiaceae family, is widely cultivated in East Asian countries

[1]. Oenanthe javanica is a medicinal and edible plant, which

has high economic value and is popular for its distinctive aroma

and crisp texture. Rich nutrients and pharmacological substances

confer on O. javanica the therapeutic potentials, such as calming

the liver, reducing blood pressure, preventing thrombosis, and

anticancer effects [2]. Due to germination disorder and seed

dormancy, O. javanica is commonly propagated through stem-

cuttings in cultivation. Traditional asexual propagation has many

disadvantages, such as high propagation costs, low reproductive

coefficient, season dependence, and viral disease occurrence [3].

The long-term asexual propagation of O. javanica restricted the

genetic diversity and germplasm innovation through traditional

crossbreeding. The emergence of plant tissue culture and genetic

transformation provides the efficient strategy to address these

challenges [4].

Plant tissue culture technology has been developed on the

basis of the totipotency of plant cells, including micropropagation,

adventitious shoot regeneration, and somatic embryogenesis.

Varieties, types of explants, disinfection processes, and the

composition of the medium are the main factors influencing

the plant tissue culture. The composition of the medium mainly

includes macro elements, trace elements, iron salts, sucrose,

vitamin, and plant growth hormone. Efficient tissue culture

technology is an important basis for constructing a plant genetic

transformation system. Genetic transformation can be used

for the overexpression and silencing expression of functional

genes in plants. The CRISPR/Cas (clustered regularly interspaced

short palindromic repeat/CRISPR-associated protein) system for

genome editing has been widely used in precise engineering

of genomes and crop breeding [5]. PDS gene is a key gene in

carotenoid biosynthesis, responsible for converting the colorless

compound phytoene into the colored compound ζ -carotene.

It plays an important role in photosynthesis and pigment

biosynthesis in plants, and disruption of its function leads to

albinism. Recently, the T2T genome of O. javanica has been

published, which provides important genetic information for the

gene editing in O. javanica [6].

Here, the callus-mediated regeneration and CRISPR/Cas9-

targeted mutagenesis system in O. javanica were established. The

vigorous axillary buds of O. javanica were sterilized and cultivated

to obtain the aseptic seedlings. The petioles, leaf blades, and

roots of O. javanica were selected as different explant types to

evaluate the callus induction efficiency. The different kinds of

explants were cut into ∼5-mm-sized fragments and cultivated

under dark conditions. Based on the quantitative comparisons

of callus induction efficiency of different explants, petioles were

investigated to be the most suitable explants for callus induction

in O. javanica (Fig. S1). Similarly, petioles were also used as the

suitable explant in other Apiaceae species, including celery [7]

and carrot [8]. The callus induction efficiency is usually affected

by many factors, such as plant growth regulators (PGRs) and

basic culture medium. Murashige & Skoog (MS) medium and

Gamborg B5 medium were selected as the basic mediums for

callus induction of O. javanica. The petioles of aseptic seedling

were used as explants and inoculated on MS and B5 medium

supplemented with different concentrations of 2,4-D, NAA and

6-BA. Based on the comprehensive analysis of all treatments, B5

culture medium supplemented with 0.5 mg/l of 2,4-D and 1.0 mg/l

of 6-BA showed the highest induction rates and better callus

growth status than other treatments (Tables S1–S4). Notably, B5

culture medium supplemented with 1.0 mg/l of 2,4-D and 0.5 mg/l

of 6-BA was the most suitable treatment for callus proliferation

(Tables S5 and S6). MS basic medium supplemented with 0.5 mg/l

of NAA and 2.0 mg/l of 6-BA was the optimum medium for callus

differentiation of O. javanica (Table S7). Hence, the efficient callus-

mediated regeneration system of O. javanica was established

(Fig. 1A and Fig. S2A).
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Figure 1 Callus-mediated plant regeneration and CRISPR/Cas9-mediated targeted mutagenesis of Oenanthe javanica phytoene desaturase (OjPDS) gene.

(A) Processes of callus induction and plant regeneration of O. javanica. I, Petiole as explant; II, Calli induction; III, Calli proliferation; IV, Calli

differentiation; V, Regenerated plant. (B) The genomic structure analysis and targets selection of OjPDS gene. T1, T2, T3, and T4 represent the positions of

the four target sites individually located in the first four exons, respectively. (C) Sequences of four target sites for CRISPR/Cas9-mediated targeted

mutagenesis of OjPDS. (D) Schematic map of OjPDS-2300GN-Ubi-Cas9 vector for CRISPR/Cas9-mediated targeted mutagenesis in O. javanica.

(E) Processes of CRISPR/Cas9-mediated targeted mutagenesis of OjPDS in O. javanica. VI, Petiole as explant for targeted mutagenesis; VII, Calli induction

for targeted mutagenesis; VII, Calli proliferation for targeted mutagenesis; IX, gene edited plant; X, chimeric plant. (F) Mutation detection of gene edited

plants (Lines 1–5). The sequencing chromatograms of four target sites regions. The PAM sequence is highlighted.
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Loss-function of phytoene desaturase (PDS) gene usually lead to

the albino phenotype, which is widely used as visual target gene

for evaluating the efficiency of gene editing in plants. To obtain

the PDS homologous alleles, the sequence of DcPDS (GenBank

accession XM_017385289.1) was used to conduct the BLAST

alignment in the genome of O. javanica [6]. One single-copy

PDS gene, Oj17G000040.1, was identified from O. javanica and

designated as OjPDS (Figs S3 and S4). The OjPDS gene was cloned

from O. javanica cv. ‘Fuqin No.1’ using the specific primers OjPDS-

F and OjPDS-R (Table S8). OjPDS protein contains the phytoene–

desat domain, which belongs to the phytoene dehydrogenase

family and was involved in the carotene biosynthesis (Fig. S5). To

ensure the precise editing of OjPDS gene, four target sites (T1–T4)

individually located in the first four exons were designed using

CRISPR-GE tool (Fig. 1B and C) [9]. Four Arabidopsis promoters

(AtU3b, AtU3d, AtU6-1, and AtU6-29) were selected to individually

drive the expression of four sgRNA cassette containing T1–T4

targets to improve the gene editing efficiency (Fig. S6). Then,

the four sgRNA expression cassettes were constructed into the

modified pYLCRISPR/Cas9Pubi-H vector, and the recombinant

OjPDS-2300GN-Ubi-Cas9 binary vector was transformed into the

Agrobacterium tumefaciens GV3101 for genetic transformation

assay (Fig. 1D) [7].

Based on our optimized callus-mediated regeneration system,

603 explants were infected with A. tumefaciens GV3101 containing

OjPDS-2300GN-Ubi-Cas9. To screen the positive transformed

callus, the transformed explants were cultivated on B5 culture

medium supplemented with 0.5 mg/l of 2,4-D, 1.0 mg/l of 6-

BA, 50 mg/l of kanamycin, 100 mg/l of L-serine and 300 mg/l of

carbenicillin. Finally, a total of 14 lines of O. javanica plants were

regenerated from the callus via somatic embryogenesis pathway,

including albino, green, and chimeric plants (Fig. 1E and Fig. S2B).

To determine the efficiency of CRISPR/Cas9-mediated targeted

mutagenesis, the genomic DNA was extracted from the positive

plants using CTAB method. The genomic sequences harboring

four target sites were amplified from the extracted DNA using

PDS-detection-F and PDS-detection-R primers (Table S8). The PCR

products were direct sequenced or cloned into the pCE2 TA/Blunt-

Zero vector followed by Sanger sequencing. The decoded

sequences indicated that ten lines of O. javanica were edited,

indicating the CRISPR/Cas9-mediated targeted mutagenesis

was constructed with the efficiency of 1.7%. Multiple mutation

types were detected from the gene edited O. javanica plants,

including base deletion, base insertion, base substitution and

combination mutagenesis. The mutation efficiency at T1 (targeted

by AtU3b-driven sgRNA) was 90%, including two homozygous

mutations and four biallelic mutations, while the remaining were

heterozygous mutations. At T2 (targeted by AtU3d-driven sgRNA),

the mutation efficiency was 70%, consisting of three homozygous

mutations and four heterozygous mutations. The mutation

efficiency at T3 (targeted by AtU6-1-driven sgRNA) was 20%,

including one heterozygous mutation and one biallelic mutation.

The mutation efficiency at T4 (targeted by AtU6–29-driven sgRNA)

was the same as that at T2, including six heterozygous mutations

and one biallelic mutation. The mutation efficiency at T1, T2,

and T4 was significantly higher than at T3 (Fig. 1F and Fig. S7).

Homozygous mutations were observed at the T1 and T2 targets,

while no such mutations were detected at T3 and T4. This indicates

that the observed differences in mutation efficiency among T1,

T2, T3, and T4 are related to promoter type. Furthermore, the

mutation efficiency at T1 was higher than that at T2. The mutation

efficiency at T1 was driven by AtU3b promoter, which has been

widely used in various crops for gene editing [10]. Among the

gene-edited plants, four lines were exhibited as heterozygotes,

with a frequency of 40%. The frequency of chimeras and

homozygous phenotypes were calculated as 20% and 40%,

respectively.

In conclusion, this study constructed the efficient callus-

mediated plant regeneration by optimizing the explant type,

basic culture medium, varieties and proportion of PGRs. This

study also provided the first report of CRISPR/Cas9-mediated

targeted mutagenesis in O. javanica. These results will have

tremendous application prospects in functional genes verification

and innovation of excellent germplasm through molecular

breeding in O. javanica.
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