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Genome editing technologies have great potential to accelerate
plant breeding, but delivery of editing constructs is difficult in
many crop species because they are recalcitrant to transforma-
tion or tissue culture. Here, we present a transformative method
for delivering ribonucleoprotein (RNP) complexes and plasmid
vectors to intact, regenerable plant tissues. This is the initial de-
scription and proof of concept for a novel transformation method
for genome editing in faba beans, exemplifying a tissue culture
recalcitrant crop species. This is achieved by applying an electric
current to make plant cell walls and membranes permeable, fa-
cilitating the entry of macromolecular constructs into the plant
cell and nucleus (Furuhata et al. 2019). This study presents a
genome editing method applied to faba bean (Vicia faba L.), an
early domesticated crop and an important cool-season legume
in global agriculture, recognised for its nitrogen-fixing abili-
ties and as a key protein source in numerous countries (Jithesh
et al. 2024; Jayakodi et al. 2023). A major limitation in faba bean
research to date has been the absence of a reliable transforma-
tion or genome-editing methods.

To prepare, the excised seed embryo (Figure S3) is perforated five
to eight times with a 26-gauge needle. A droplet of liquid contain-
ing the desired macromolecular construct, such as an RNP com-
plex or plasmid, is then applied to the perforated surface. Two
26-gauge needles are then inserted into the plant tissue, and trans-
fection is achieved by applying an electric current via a 24-28V

battery (Figure 1A, Appendix S1). Details about the electrode as-
sembly and safe use are provided in Appendix S2. To evaluate the
effectiveness of electric current-mediated transfection in faba bean,
we introduced the green fluorescent protein (GFP)-expressing
transgene construct pLH-6000-GFP (250ng/uL) (Figure S1; Imani
et al. 2011) into faba bean embryos using this technique. Embryos
were extracted from mature seeds that had been soaked in sterile
MilliQ water for around 16h. Viable embryos were retrieved and
transferred to a standard 100x15 mm petri dish. The needles are
connected to the battery prior to insertion into the embryo. One
needle was inserted 2-3 mm into the embryo, while the second nee-
dle was briefly touched onto the first one for less than one second,
creating an electric current to destablilize the plant cell membranes
and facilitate plasmid transfection into cells and nuclei. The puls-
ing was repeated 3-4 times within 10-15s.

GFP presence was confirmed two days after application of the
electric current using confocal microscopy (Figure 1B, Video 1),
with fluorescence detected using a 488nm laser for excitation
and an emission peak at 509-510 nm. Post-transfection, embryos
expressing GFP were cultured on MS medium (4.4g/L MS salts
with vitamins, 20g/L sucrose, 7g/L agar, pH 5.8) supplemented
with 1.5mg/LTIAA and maintained at 20°C-23°Cwith a 16-h pho-
toperiod (70001x). The transformed tissue was subcultured every
10-12days until shoot emergence (Figure S5). The plants were
then transferred to greenhouse conditions alongside wild-type
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FIGURE 1 | Electric current mediated genome editing in faba bean (A) Electric current-mediated transfection of an intact plant embryo via
battery-connected needle electrodes. Created with the help of BioRender.com. (B) Verification of electric current-mediated transformation of V. faba
embryos with the pLH-6000-GFP construct by evaluation of GFP expression in the wild type control (above) and transfected embryo (below) 2 days
after transfection. Scale bar=500pum. (C) Regenerated wild type control. (D) Regenerated GFP overexpressed faba bean. (E) PCR confirmation of
the hpt gene in the GFP overexpressed faba bean plants. Lane 1 Kb: 1 Kb DNA marker; lanes 1-6:735bp amplicon of hpt gene from individual events;
lane WT:untransformed control; lane (+ve): positive control; lane (—ve): negative control. (F) GFP analysis in wild type control. (G) GFP expression in
leaf tissue of the GFP overexpressed plant. Scale bar=50um. (G’, G”) Zoomed regions of the GFP overexpressed cells. Scale bar =50 um. (H) DsRed
fluorescence detection on the faba bean leaf tissue after electric current mediated transfection. Scale bar =500 um. (I, I') Wild type faba bean plants.
(J,J) Chimeric albino mutant plants resulting in mutation of the pds gene. High-resolution melt analysis of mutant plants generated through gene
editing by electric current-mediated transfection resulting in mutation of the pds gene (K) Aligned melt curve (L) Difference plot.

controls (Figure 1C and 1D). Genomic DNA was extracted at the
4-6 leaf stage following Doyle and Doyle (1990), and the pres-
ence of the hygromycin (hpt) marker gene was confirmed via
PCR (Figure 1E). The transgenic status was further validated
by observing GFP expression in leaves with confocal micros-
copy (Figure 1F, G, G’, G”). We acquired 11 GFP-overexpressing
plants from 57 embryos transformed via electric current mediate
transformation, representing an efficiency of 19%.

In addition to embryos, we assessed the efficacy of this method
for introducing constructs and RNPs into leaf tissues using
3-4-month-old faba bean leaves. The technique successfully
introduced a red fluorescent protein (DsRed) R2G mutant from
pGJ1425 (MPI, Cologne, Germany) (Sack et al. 2015) into leaf tis-
sue, indicating that this method is adaptable to both embryos and
leaf tissues as explants (Figure 1H). Details regarding the prepa-
ration and imaging of leaf tissue are provided in the Appendix S3.
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To demonstrate DNA-free genome editing, we targeted the en-
dogenous phytoene desaturase gene (PDS), where mutations
yield a visually identifiable albino phenotype, providing an effi-
cient measure of mutation success. The gene structure is shown
in Figure S2. The gene is identified as Vfaba.Tiffany.R1.2g090080,
and the corresponding transcript is Vfaba.Tiffany.R1.2g090080.1
(Tiffany sequence available at https://projects.au.dk/fabagenome/
genomics-data; Jayakodi et al. 2023). Target regions within the PDS
gene were amplified from genomic DNA using Q5 high-fidelity
DNA polymerase, purified with the QIAquick gel extraction kit
(QIAGEN, Hilden, Germany), and sequenced using Sanger se-
quencing before crRNA design, as specified in Table S1. crRNA
sequences were generated using the online tool “CRISPRdirect”
(https://crispr.dbcls.jp/). The crRNA targeting the PDS gene was
5-GAACCATGGTTCTCGTTTGA-3'".

RNP complexes were prepared with crRNA, tracrRNA, and
Cas9 protein (synthesized by Integrated DNA Technologies,
Inc., Iowa, USA). For all experiments, chemically modified
crRNA-XT was used to enhance stability and performance.
Equimolar crRNA and tracrRNA were mixed to a final con-
centration of 100uM and heated at 95°C for 5min. The RNP
was produced using a 1:1.2 ratio of Cas9 to gRNA. 120 pmol of
gRNA mix, 104 pmol of Cas9 protein, and 2.1 uL of phosphate-
buffered saline (PBS) were combined for a total RNP volume of
5uL and incubated at room temperature for 20min. The RNP
complex was then immediately administered to freshly isolated
embryos, eliminating the need for labour-intensive protoplast or
zygote preparations. Following RNP delivery, embryos were cul-
tured on MS medium at 20°C-23°C without selection reagents.
Chimeric albino mutants from PDS gene knockouts were iden-
tified visually (Figure 1J, J, S4), with wild-type controls shown
in Figure I and I'. Following regeneration, high-resolution melt-
ing analysis (HRMA), a PCR-based method, was used to detect
chimeric and heterozygous mutants (Denbow et al. 2018; Li
et al. 2018; Thomas et al. 2014). In the analysis of 22 plants from
the PDS gene editing experiment, 11 exhibited mutations at the
TO stage. Figure 1K,L shows the melting curves of PDS mutants
compared to wild-type controls, with additional HRMA curve
images provided in Figure S6. The amplicon measured 317bp in
length, with conditions and primers detailed in Table S2.

Our electric current-mediated transformation achieved a 50% mu-
tation efficiency in the PDS gene within approximately 7-8 months.
The findings indicate that the electric current-mediated transfor-
mation method may be effective for genome editing in recalcitrant
species such as faba bean. Direct transformation or mutation of
intact embryos can overcome difficulties in large-seeded plant
species, which are recalcitrant to tissue culture regeneration from
alternative explants. This straightforward, cost-effective method,
which requires minimal technical training, is applicable to both
leaf and embryo tissues, making it broadly useful for crop improve-
ment. This technique holds promise for developing new crop vari-
eties that can better respond to global climate challenges.
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