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Abstract

Key message Delivery of Cas9/sgRNA RNPs and DNA vectors designed to transiently express morphogenic regula-
tory genes or an antibiotic resistance gene enabled efficient recovery of gene edited onion lines.

Abstract We developed a protocol for efficiently producing gene edited onion plants that does not depend on stable trans-
formation. The process makes use of transient gene expression to enrich for gene editing among plants regenerated from
immature embryos bombarded with ribonucleoprotein (RNP) complexes composed of CRISPR-associated protein 9 (Cas9)
and single guide RNAs (sgRNAs). We used the Allium cepa Downy Mildew Resistant 6 (AcDMRG6) gene as the target gene
for our studies and produced a total of 47 onion plants with edited AcDMR®6 alleles, including 13 homozygous plants, 12
biallelic plants, 7 heterozygous plants, and 15 chimeric plants. The most effective strategy for producing gene edited onion
plants involved co-delivering plasmids encoding a hygromycin-resistance protein and plant developmental regulator genes
along with the Cas9/sgRNA RNPs followed by transient Hygromycin selection for 48 h. Using this approach, up to 12% of
the regenerated onion plants carried edited alleles of AcDMR6. By comparison, no editing was observed among the 146
plants regenerated from explants transfected with the Cas9/sgRNA RNPs alone. The strategy we describe here for using
transient gene expression to enrich for gene editing in onion could potentially be extended to other crop species as well.

Keywords Onion - Gene editing - Ribonucleoproteins - Transient expression - DMR6

Introduction

We report the development of a process for efficiently pro-
ducing gene edited onion plants that does not involve stable
genetic transformation. One of the benefits of using gene
editing strategies that are not based on stable genetic trans-
formation is that edited lines can be produced that do not
carry unwanted genetic information that needs to be segre-
gated away from the desired gene edits in subsequent genera-
tions. One approach to producing gene edited plants with-
out stable genetic transformation is to use ribonucleoprotein
complexes (RNPs) composed of CRISPR-associated pro-
tein 9 (Cas9) and single guide RNAs (sgRNAs) (Kim et al.
2014; Lin et al. 2014). Delivery of RNPs into plants for gene
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editing has been described using protoplast-based transfec-
tion (Andersson et al. 2018; Badhan et al. 2021; Jiang et al.
2021; Najafi et al. 2023) and biolistic-based transfection
(Banakar et al. 2019; Liang et al. 2017; Poddar et al. 2023;
Svitashev et al. 2016). To produce gene edited plants using
RNPs, the transfected cells need to regenerate into plants.
In the case of onion, protocols for efficiently regenerating
plants from protoplasts have not been reported. For this rea-
son, we chose to focus on the use of biolistic transfection to
introduce RNPs into onion tissue.

A recent study reported the production of gene edited
wheat plants via the biolistic transfection of Cas9/sgRNA
RNPs into tissue explants followed by regeneration of plants
using tissue culture-based methods (Poddar et al. 2023). In
that study edited plants were recovered at rates up to 37% of
the regenerated plants. A similar approach to producing gene
editing plants has also been reported using larch (Ma et al.
2024). In these studies, no selection was used to enrich for
gene editing events in the population of regenerated plants
produced using tissue culture.
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Although directly screening for edited plants in the pop-
ulation of plants regenerated from tissue explants exposed
to Cas9/sgRNA RNPs via biolistics has been shown to
produce edited lines at a useful frequency for some spe-
cies as described above, it may be valuable to develop
strategies that can enrich for the presence of edited plants
in those experiments to make this approach more broadly
useful. Because we were interested in developing editing
protocols that did not depend on stable genetic transforma-
tion, we wanted to explore the possibility of using tran-
sient gene expression to enrich for editing in experiments,
where Cas9/sgRNA RNPs are delivered to tissue explants
using biolistic transfection. We specifically explored two
different approaches to using transient gene expression to
enrich for editing: (1) transient expression of developmen-
tal regulator genes and (2) transient antibiotic selection.

Our rationale for exploring the transient expression
of developmental regulator genes as a strategy to enrich
for gene editing is based on many examples in the lit-
erature, where the ectopic expression of plant develop-
mental regulator genes has been shown to improve plant
transformation. This list of genes includes BABY BOOM
(BBM) (Lowe et al. 2016), WUSCHEL (WUS) (Hoerster
et al. 2020; Lowe et al. 2016), DNA binding with One
Finger 3.4 (DOF3.4) and DOF3.6 (Liu et al. 2023), LAX
PANICLEI (LAX1) (Yu et al. 2023), WOUND-INDUCED
DEDIFFERENTIATIONI (WIND1) (Jiang et al. 2024),
Wuschel-like homeobox protein 2a (WOX2a) (McFarland
et al. 2023), WOX5 (Wang et al. 2022) and GRF-GIF,
a fusion between Growth-Regulating Factor (GRF) and
GRF-Interacting Factor (GIF) (Debernardi et al. 2020;
Vandeputte et al. 2024). Ectopic expression of these genes
in somatic cells of several monocot and dicot species has
been shown to enhance one or more of the following pro-
cesses: cell proliferation, callus formation, regeneration,
somatic embryogenesis, and transformation efficiency.
Nearly all the studies in which these developmental reg-
ulators were evaluated involved stably integrating the
expression construct into cells, but we were interested
in determining if a transient burst of expression would
be sufficient to allow us to enrich for gene editing. Our
hypothesis for how this might function is as follows. When
a tissue explant is put through tissue culture to achieve
plant regeneration, only a small number of the cells in that
tissue explant move down the developmental pathway that
leads to plant regeneration. Within this context, it is pos-
sible that a transient burst of expression of a developmen-
tal regulator might jump start the transfected cells in the
explant down the path towards regeneration preferentially
over non-transfected cells in the same explant (Young-
strom et al. 2025). If Cas9/sgRNA RNPs were co-delivered
into the explant along with the developmental regulator,
then one might expect gene editing to be enriched in those
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cells of the explant that are the founder cells for any regen-
erated plants that form.

Another strategy by which transient gene expression
could be used to enrich for gene editing involves transient
antibiotic selection, as was recently reported using poplar
(Hoengenaert et al. 2023). In that study, biolistic delivery
was used to introduce plasmids expressing Cas9, sgRNAs,
and a Kanamycin resistance gene into callus tissue from pop-
lar. The calli were then subjected to Kanamycin selection
for 2 days and subsequently grown under selection-free tis-
sue culture conditions for the remainder of the experiment.
This strategy allowed for the recovery of gene edited poplar
plants. Amongst the total regenerated plant population, 3%
of the plants were edited and also lacked the Cas9 or Kana-
mycin resistance plasmids integrated in their genomes. This
result demonstrated that transient expression of an antibiotic
resistance gene can allow for the enrichment of gene editing
in plants regenerated from tissue explants transfected using
particle bombardment.

In this study, we provide evidence that transient gene
expression can be used to enrich for gene editing in onion
by co-delivering Cas9 RNPs along with developmental regu-
lator genes, an antibiotic resistance gene, or a combination
of both strategies. No edited lines were identified amongst
plants regenerated in our trials that lacked transient expres-
sion-based enrichment factors. However, edited lines were
recovered from every treatment group that received devel-
opmental regulator genes and/or the hygromycin-resistance
construct. Furthermore, a large majority of the edited lines
we produced showed no evidence of stable DNA integra-
tion of functional copies of the developmental regulator
genes or hygromycin-resistance genes, suggesting that tran-
sient expression of the enrichment factors was sufficient to
enhance the frequency of gene editing in the population of
regenerated plants.

Materials and methods
Plant materials

har-Syn’ is a synthetic onion population produced by inter-
crossing among plants with chartreuse bulbs (Havey 2020).
Plants of Char—Syn were grown in a field on the Kincaid
family farm (Palmyra, WI, USA) under standard production
conditions. Bulbs were harvested in the fall and vernalized
at 4-7 °C for 5 months. Starting on March 1st, and every
10 days thereafter, vernalized bulbs were planted in a green-
house on the University of Wisconsin (UW) campus in 400
CU plastic pots containing a soilless mix (PROMIX HP
Mycorrhizae; Premier Tech Horticulture, USA) with sup-
plemental lighting at 14 h and a temperature of 25 °C during
days and 20 °C during nights. Umbels were caged in groups,
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when possible, as soon as the first flower of an inflorescence
shed pollen, then two teaspoons of fly (Musca domestica)
pupae (Rincon-Vitova, Ventura CA) were added, and the
cage was corked. Fly pupae were added every 3—4 days
to have a continuous presence of pollinators up to day 17.
Cages were removed on day 23, and several buds were har-
vested and their seeds removed for examination. Optimal
seeds were blackened, but not yet hardened, and could be
squeezed to release an immature embryo 2.5-3.5 mm in
length. If most of the seeds were at this optimal stage, then
the umbel was cut from the plant, rinsed with cool water, and
transported to the lab in water to keep the umbels hydrated.

Transient editing assay using protoplasts

Four sgRNAs were designed using the ChopChop tool
(Labun et al. 2019) to target different locations in exons 1
and 2 of the AcDMRG6 gene with the goal of introducing
frameshift mutations in the coding sequence. sgRNAs were
commercially synthesized (Integrated DNA Technologies,
USA) to target the following sequences: sgRNA-1 5’-GGA
ATTGGAGAGATTACCTG-3’, sgRNA-2 5’-TGAGTGACG
AATTGATATCG3’, sgRNA-3 5-GGTCGATGACTGGAA
CGTTT3’, and sgRNA-4 5’-GTGGATAGCAATGAAGCC
TC-3’. Each sgRNA was tested for its editing efficiency
using a transient protoplast editing assay. Briefly, leaf tis-
sue was harvested from 3-week-old onion plants grown in
sterile 32 oz culture vessels. Onion protoplasts were isolated
using a protocol originally developed for carrots (Meyer
et al. 2022). Cas9/sgRNA RNPs were assembled and trans-
fected as described (Yarra and Krysan 2025). Briefly, Cas9
and the AcDMR6-sgRNA1 were allowed to assemble by
mixing 2 ul of 1 XPBS (phosphate buffered saline) buffer
(Corning, Cat#46-013-CM), 2 ul of sgRNA (100 uM),
and 2 pl of Cas9—GFP protein (10 pg/ul) (Integrated DNA
Technologies, USA 10008161) and incubating the mixture
for 10 min at 25 °C. The pre-complexed Cas9/RNPs were
delivered to protoplasts via polyethylene glycol mediated
transfection as described (Yarra and Krysan 2025). After
transection, samples were incubated in the dark for 3 days
at 25 °C, and then DNA was extracted from the protoplasts.
First, each 1.2 ml of protoplast solution was transferred to a
1.5 ml safe-lock microcentrifuge tube (Eppendorf, Germany
0030123611). Then, the protoplasts were pelleted via cen-
trifugation at 400 g for 5 min. The supernatant was removed
by pipetting, and 240 pl of Buffer E (20 mM Tris 8, 2.5 mM
EDTA, 25 mM NacCl, 0.05% SDS) was added to each tube.
The protoplasts were lysed using 3.2 mm steel beads (Next
Advance, USA SSB32) and a Bullet Blender Tissue Homog-
enizer (Next Advance, USA BBY24MR). After lysing, the
tubes were centrifuged at 16,000 g for 2 min. Next, 15 ul
of the crude cell extract was added to 360 ul of Milli-Q
water. This diluted extract was vortexed and then used as

DNA template for PCR using the forward primer 5’-ACG
CTTGTCCTTCCCTGTATC-3’ and reverse primer 5’-ACG
GTCGGTGCATGGAAT-3’ to amplify a 721 bp region of
the AcDMRG6 gene. Sanger sequencing was performed on the
amplicons using the forward primer described above, and
the Sanger sequence data were used for TIDE analysis to
quantify the frequency of indel mutations generated by each
sgRNA (Brinkman et al. 2014). Wild-type onion seedling
DNA was used to produce control sequence data for TIDE
analysis.

Transient editing assay of tissue transfected using
biolistics

Seeds of ‘Char-Syn’ were washed in 70% ethanol for 30 s,
rinsed with Milli-Q water, then washed with a 30% v/v
bleach (Clorox, USA, 30,966) solution (15 ml of 8.25%
bleach + 35 ml Milli-Q water) and plated on %2 strength
MS medium. After 3 days, root radicles 3—-4 mm were
excised and subject to biolistic transfection as described
below. Briefly, RNPs were assembled following the same
steps described in the previous section, but 1 X PBS was
replaced with 3 X NEBuffer r3.1 (NewEnglandBiolabs, USA
B6003S). A 10 mg/ml working suspension of 0.6 um gold
microcarriers (Bio-Rad, USA 1652262) was created by sus-
pending 10 mg of gold microcarriers in 1 ml of 100% etha-
nol. To begin, the 10 mg/ml suspension of gold microcarriers
was sonicated for 30 s using a Branson M 1800 Mechanical
Ultrasonic Cleaner (Branson, USA). 100 pl of 10 mg/ml
suspension of gold microcarriers was then pipetted into two
sterile 1.5 ml microcentrifuge tubes. The tubes were centri-
fuged for 1 min at 2,000 g, and the supernatants discarded.
The gold microcarriers were then resuspended in 150 pl of
sterile, nuclease-free water (Integrated DNA Technologies,
USA, 11-05-01-14). The tubes were then sonicated for 10 s,
centrifuged, and the supernatants discarded. The gold micro-
carriers were then resuspended in 40 pl of sterile nuclease-
free water. Then 74 pl of 1 X NEBuffer r3.1 was added to
each RNP assembly reaction as well as 1 pl of plasmid
pStayGold (500 ng/pl) (Fig. S1 and Supplemental File 1),
which expresses the StayGold fluorescent protein reporter
(Hirano et al. 2022). Each RNP/DNA solution was then
combined with 40 pl of the gold microcarrier suspension
and mixed gently by pipetting. Next, 1 ul of Transit-2020
(Mirus Bio, USA) was added to each tube and the solutions
mixed again by pipetting. The tubes were then placed in
an ice bath for 20 min. Next, the tubes were centrifuged
for 1 min at 2,000 g and the supernatant was discarded.
40 ul of nuclease-free water was pipetted into the tubes,
and they were sonicated for less than half a second. This
final suspension of 40 ul was mixed by pipetting and used
to load four macrocarriers (Bio-Rad, USA 1652335) with
10 ul each. The 10 pl was dispensed in multiple small drops
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on the each macrocarrier to facilitate drying. Macrocarri-
ers loaded with droplets of gold suspension were dried in a
laminar flow hood at room temperature for 90 min. Biolistic
delivery of the sgRNA/Cas9 RNPs and plasmids was per-
formed with a PDS-1000 | He™ system (Bio-Rad, USA). A
plate containing 50 excised onion radiclesQ was placed on
the platform 6 cm from the stopping screen. A vacuum of
28 inHg was drawn and each plate was bombarded 4 times,
twice with 650 PSI rupture discs and twice with a 1100 PSI
discs in that order. One-day post-bombardment the samples
were transferred to recovery medium plates and screened for
pStayGold expression via epifluorescence microscopy. The 4
radicles with the most abundant pStayGold expression were
isolated and trimmed at each end to maximize the fraction
of StayGold-positive cells in each explant. Radicles 1 and
2 were incubated at 26 °C for 24 h in the dark, and radicles
3 and 4 were incubated at 30 °C for 24 h in the dark. A
Bullet Blender Tissue Homogenizer (Next Advance, USA
BBY24MR) and a DNeasy Plant Mini kit (Qiagen, Germany,
69,106) were used to extract DNA from each sample. PCR
was then performed to amplify a 316 bp region of AcDMR6
using the forward primer 5’-TCTGGGGAGTTCTTTAAG
CTATC-3’ and reverse primer 5’-TGCATGGAATCGTGG
CATG-3’. The PCR product was purified using a Qiagen
PCR Purification Kit (Qiagen, Germany 28,104) and sub-
jected to amplicon sequencing using Illumina technology by
GeneWiz (115 Corporate Blvd, South Plainfield, NJ 07080)
using their Amplicon EZ sequencing service. The resulting
data were analyzed to determine the number of reads con-
taining indels within a 25 bp window including the expected
editing site for each sample.

Immature embryo extractions

The composition of the macronutrient, micronutrient, and
vitamin stock solutions used to make the media in this
study are shown in Tables S1 and S2. Immature seeds were
extracted from onion umbels ca. 23-25 days after caging
under a dissecting microscope and collected in a jar with
a damp Kimtech wipe at the bottom. Seeds were sterilized
using the same 30% v/v solution of germicidal bleach
described above for 10 min on a shaker at 100 rpm, then
rinsed 5 times with sterile water. Immature embryos were
extracted from seeds in a sterile laminar flow hood under
a dissecting microscope. Immature embryos were immedi-
ately plated on a piece of sterile Whatman No. 4 filter paper
(MilliporeSigma, USA WHA1004125) placed on recovery
medium (Table S3) and incubated overnight at 26 °C in the
dark. The immature embryos were arranged closely together
at the center of the plate to minimize empty space. The next
morning, the immature embryos were transferred to osmotic
treatment medium (Table S4) by lifting the filter paper to
transfer them all simultaneously. Samples were subjected to
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biolistic transfection 4 h after transfer to the osmotic treat-
ment media.

Selection-free regeneration of edited lines
from bombarded immature embryos

Immature embryos were bombarded using the same param-
eters as described above for root radicles in the previous sec-
tion with minor modifications. In this case, each plate con-
tained 50—75 immature embryos. In experiments involving
multiple plasmids, constructs were added in equal amounts
by pipetting 1 ul of each 500 ng/ul plasmid solution when
preparing the gold microcarriers. After bombardment, all
samples were incubated on osmotic treatment medium for
16 h overnight at 26 °C in the dark. Immature embryos were
then transferred to recovery medium in 5 X 5 arrays, imaged
for StayGold expression, and incubated in the dark at 26 °C
for 2 weeks to induce callus. Next, samples were transferred
to P5 medium (Table S5) in 5% 5 arrays and incubated for
another 2 weeks. After 4 total weeks of callus induction, the
samples were transferred to 100 mm X 25 mm Petri dishes
(VWR International, USA, 89,107-632) containing SM4
medium (Table S6) to induce shoot regeneration. Large
pieces of callus were broken into smaller pieces approxi-
mately 10—15 mm in diameter to promote shoot induction.
Samples on SM4 medium were subcultured to fresh SM4
medium every 2 weeks for 10—12 weeks. Once shoots were
approximately > 20 mm in length, they were transferred to
hormone-free ¥2 strength MS medium (Table S7) to encour-
age rooting, typically taking 2—4 weeks for roots to establish.
Plants were genotyped at this point, and any candidate edited
lines were transferred to 32 oz culture vessels (PhytoTech
Labs, USA, C221) containing ¥2 strength MS medium. The
tissue culture protocol employed in this study is based on
previous studies (Eady et al. 2003, 2008, 1998). The P5
and SM4 media we describe here are updated versions of
the originally published recipes (Eady & Davis, personal
communication). The recovery medium we describe uses
P5 medium recipe as a base, supplemented with 0.7 g/L pro-
line, 1.5 mg/L 2,4-D, and 0.5 g/L. MES hydrate. The osmotic
treatment medium uses the recovery medium as a base sup-
plemented with 0.2 M D-sorbitol and 0.2 M D-mannitol.

Transient expression of developmental regulator
genes in tissue explants

Constructs designed to express developmental regulator
genes were synthesized commercially (Twist Bioscience,
USA and Genewiz, USA). The developmental regulator
expression plasmids were pPBBM, pWUS?2, and pGRF-GIF.
The pBBM construct expresses a maize optimized CDS of
BABY BOOM?2 (ZmBBM?2) (Lowe et al. 2016), pWUS2
expresses a maize optimized CDS of WUSHCEL2
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(ZmWUS2) (Lowe et al. 2016), and pGRF-GIF expresses the
chimeric protein composed of GROWTH-REGULATING-
FACTOR4 (TaGRF4) and its cofactor GRF-INTERACTING-
FACTORI (TaGRF1) using the TaGRF4 CDS and TaGIF1
CDS from wheat (Debernardi et al. 2020). Expression of
each developmental regulator gene is driven by the Cestrum
Yellow Leaf Curling Virus (CmYLCV) promoter (Sahoo
et al. 2016) and terminated by the Arabidopsis Heat Shock
Protein (HSP) terminator (Nagaya et al. 2010). The same
promoter and terminator used for these developmental regu-
lator plasmids was also used for pStayGold, the reporter con-
struct we used to evaluate transfection efficiency. Full DNA
sequences of these plasmids are provided in Supplemental
Files S2, S3, and S4. Plasmid DNA for these constructs are
available through Addgene (addgene.org, Watertown, MA)
with the following catalog numbers: pStayGold, (Addgene
plasmid 243,674), pPBBM, (Addgene plasmid 243,675),
pWUS2 (Addgene plasmid 243,676), pGRF-GIF (Addgene
plasmid 243,677), pHYG (Addgene plasmid 243,678).

Transient hygromycin selection

The hygromycin-resistance construct used in this study,
pHyg, was commercially synthesized (Genewiz, USA) to
express the coding sequence of HYGROMYCIN PHOSPHO-
TRANSFERASE (HPT) (Waldron et al. 1985). This construct
contains the same promoter and terminator described in the
previous section for the developmental regulator expression
plasmids. The DNA sequence of this plasmid is provided
in Supplemental File S5. Immature embryos bombarded
with pHYG were transferred 16 h after bombardment
from osmotic treatment medium to Hygromycin-B selec-
tion medium (Table S8). Immature embryos were imaged
for StayGold expression immediately after transfer to the
Hygromycin-B plates and were then incubated in the dark at
26 °C for 48 h. After this 48-h selection period, the samples
were transferred to recovery medium without Hygromycin-B
and the standard tissue culture protocol described above was
followed without any additional exposure to Hygromycin-B.

For the embryogenic callus bombardments, immature
embryos were plated on recovery medium and allowed to
incubate at 26 °C in the dark for 9 days, then subcultured on
fresh recovery media plates for an additional 9 days. On day
18, the most robust pieces of callus were selected and posi-
tioned for bombardment in the center of an osmotic treat-
ment plate and bombarded as described above following a
4-h incubation on the osmotic treatment plate. 16 h post-
bombardment, the samples were transferred from osmotic
treatment medium to recovery medium supplemented with
200 mg/L Hygromycin-B, imaged for GFP expression, and
incubated at 26 °C in the dark for 48 h. After the selection
period, samples were transferred to P5 medium for 2 weeks.
At the end of this period different regions of the tissue were

distinguishable as dead (white) or healthy (yellow) callus.
The dead tissue was excised and discarded so that only
healthy, yellow callus was plated moving forward. After 2
more weeks on P5, the small healthy pieces of callus grew
into larger pieces of callus 10-30 mm in diameter. Beyond
this point, the calli generated from this approach underwent
the standard shoot regeneration and root induction protocol
described above.

Restriction enzyme-based assay for gene editing

Indel mutations directed by AcDMR6—sgRNAL are likely
to disrupt an Eco81I restriction site present in the 721 bp
AcDMR6 PCR amplicon produced using the PCR primers
described above for the protoplast-based transient editing
assay. To screen for editing, 8 ul of PCR product was directly
mixed with FastDigest 10 X Green Buffer (Thermo Fisher
Scientific, USA) and FastDigest Eco811 enzyme (Thermo
Fisher Scientific, USA) in a final reaction volume of 20 ul
and incubated at 37 °C degrees for 30 min. Digestion reac-
tions were then analyzed using agarose gel electrophoresis
with 2% (w/v) agarose gels. The presence of Eco81I-resist-
ant PCR products provided evidence of an edited AcDMR6
allele in the sample.

Determining genotype of edited onion plants

The workflow to validate and characterize candidate edited
lines was as follows. First, candidate edited lines were
divided into two preliminary categories based on the Eco811
restriction digest results: 1) samples that produced PCR
products that were fully resistant to Eco811 digestion were
classified as homozygous or biallelic mutants. 2) Samples
that produced PCR products that were partially resistant to
Eco811 digestion, characterized by the presence of fragments
721 bp, 534 bp, and 187 bp in size, were classified as het-
erozygous or chimeric. PCR products from category 1 sam-
ples were subjected to Sanger sequencing, and the results
were analyzed using DECODR (Bloh et al. 2021). DECODR
identified most of these samples as clearly homozygous or
biallelic for AcDMR6 mutations. When DECODR could not
resolve the genotype of the sample, samples were analyzed
by amplicon sequencing using Oxford Nanopore technol-
ogy by PlasmidSaurus (2 Tower Pl suite 950, South San
Francisco, CA 94080) using their Premium PCR sequencing
service. The allele frequency for each variant of AcMDR6
present in a sample was determined by inspection of the
sequencing report produced by PlasmidSaurus. All cat-
egory 2 samples were analyzed by amplicon sequencing,
since restriction digestion and DECODR could not reliably
distinguish heterozygous from chimeric genotypes. Samples
were characterized as heterozygous if the sequencing results
indicated one wild type and one edited allele of AcDMR6
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was present at a ratio of 50% edited: 50% WT, +8%. Sam-
ples with three or more distinct alleles or irregular allele
frequencies were classified as chimeric.

Screening for evidence of stable integration
of expression constructs in the genomes of edited
plants

To assess whether any functional copies of the develop-
mental regulator genes or the hygromycin-resistance gene
had stably integrated into the genomes of regenerated,
edited plants, a PCR-based assay was developed targeting
the coding regions of the four genes delivered via plas-
mid bombardment: a 189 bp amplicon of ZmBBM?2 with
the forward primer 5’-CCAACTCCGTCGTCTACAAC-3’
and reverse primer 5’-TCTCGTACCCCATCTGAGCA-3’,
a 116 bp amplicon of ZmWUS2 with the forward primer
5’-CCACTTCTTCCGTTGCGATC-3’ and reverse primer
5-TGTTGCCGATACGTCTTGGT-3’, a 175 bp amplicon
of TaGRF4-TaGIF1 with the forward primer 5’-TGGGAC
ATTCAGTTCAGCTC-3’ and reverse primer 5’-GGTGTT
CATGGCCTCAGTCA-3’, and a 177 bp amplicon HPT with
the forward primer 5’-CTGACCTCTCCCAAACGTCC-3’
and reverse primer 5’-AGAGCATAAGTTCGTCGAGAG-
3’. Primers were designed using Primer3 (Untergasser et al.
2012) to amplify regions of each gene’s coding sequence.
All primer sets were validated through qPCR using diluted
plasmid DNA as a positive control template. DNA from
edited lines was used as template for gPCR and products
were subjected to a melt curve analysis and gel electropho-
resis to determine if they amplified the expected product.

Propagation of edited onion lines in soil

1.5 ml of Dyna-Gro 7-9-5 plant fertilizer (Dyna-Gro, USA)
was mixed with one liter of water and added to four lit-
ers of dry, Promix HP Biofungicide + Mycorrhizae soilless
mix and mixed by hand for 2 min until the moisture was
equally distributed. The soil was aliquoted to pots (6.35 cm
Lx6.35 cm WX 8.9 cm H) that fit in a 1020 plastic green-
house tray (28 cm W x 53 cm L) Large pieces of 2 strength
MS media were removed by hand from the roots, and DI
water was used to rinse the residual media from the roots
before transferring them to soil. Each tray of transplanted
onion plants was covered with a sealed humidity dome ca.
30 cm tall. No additional water was added to the trays, while
the plants were in the humidity dome. Plants were placed
under LED lights at an intensity of 80-90 umol/m?/s at 14 h
light/10 h dark at room temperature (25 °C). The vents of
the humidity dome were opened after 4 days of being sealed.
After 3 days of the vents being open, the lid of the humid-
ity dome was propped open by placing a pencil, where the
dome met the tray to allow more air flow for 2-3 days. The
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humidity dome was completely removed approximately
10 days after the initial transfer of the plants to the soilless
mix. For regeneration events that developed into clusters of
plants in tissue culture, the clusters were separated into indi-
vidual plants prior to transfer to soil by gently teasing them
apart after their roots were rinsed with DI water. Regener-
ated plants with approximately 6 leaves were transplanted to
the greenhouse for bulb production and eventual flowering.

Results

Identification of an efficient sgRNA for editing
the onion DMR6 gene

The overall objective of this study was to establish a protocol
for efficiently producing gene edited onion plants using ribo-
nucleoprotein (RNP) complexes composed of Cas9 and sgR-
NAs. To perform this work, we needed to first validate an
efficient sgRNA that was able to efficiently target mutations
in the onion genome. We chose the onion AcDMR6 gene as
our target gene for two reasons. First, null mutations in this
gene have been shown to provide broad spectrum disease
resistance in several plant species (Giacomelli et al. 2023;
Parajuli et al. 2022; Paula De Toledo Thomazella et al. 2016;
Pirrello et al. 2022; Thomazella et al. 2021; Tripathi et al.
2021; Zeilmaker et al. 2015), making AcDMR6 a scientifi-
cally interesting target. Second, mutations in onion AcDMR6
are not expected to be lethal (Van Damme et al. 2023), so we
expected to recover homozygous null mutants if they were
produced in our experiments.

Four sgRNAs that target regions within exon 1 or exon
2 of the onion AcDMR6 gene were synthesized and Cas9/
sgRNA RNPs for each were tested for editing efficiency
using a protoplast-based transient editing assay (Fig. 1). This
analysis indicated that sgRNA-1 produced the highest rate of
gene editing among the four sgRNAs tested, with 68% of the
copies of the AcDMR6 gene recovered from the protoplasts
sample showing evidence of indel mutations at the expected
target site (Fig. 1). Based on this analysis, we chose to use
sgRNA-1 for all of the subsequent experiments.

Using particle bombardment to deliver Cas9/sgRNA
RNPs into onion tissue for gene editing

To determine if Cas9/sgRNA RNPs delivered into onion
tissue via biolistic transfection can direct efficient gene edit-
ing, we performed a transient gene editing experiment using
newly emerged radicles as the tissue explant. For this experi-
ment, we produced Cas9/sgRNA RNPs using the AcDMR6
sgRNA-1 described above. These RNPs were co-delivered
into the radicle explants along with the pStayGold fluores-
cent protein reporter construct (Fig. S1). Fluorescent protein
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Fig. 1. Analysis of sgRNAs used in this study. A Locations of the
sgRNA target sites within the AcDMR6 gene. B-E Results of onion
protoplast transient editing assay. Protoplasts were transfected with
Cas9 RNPs produced using the indicated sgRNA, and DNA was
extracted from the population of protoplasts 3 days after transfection.

imaging was performed 1-day post-bombardment to iden-
tify four radicles with similar levels of StayGold expression
(Fig. 2). Following bombardment, two of these radicles were
incubated for 2 days at 26 °C and two of them were incu-
bated for 2 days at 30 °C. Indel mutations within the targeted
region of AcDMR6 occurred at rates ranging from 1.32%
to 2.70% in these samples (Fig. 2). Samples incubated at
30 °C did not have higher rates of editing in this experiment,
contrary to expectations based on published reports in other
plant species (Jiang et al. 2021; Poddar et al. 2023). This
experiment demonstrated that Cas9/sgRNA RNPs delivered
via biolistic transfection can direct targeted gene editing in
onion tissue samples at a detectable rate. Because we did not
observe increased editing in the samples incubated at 30 °C
in this experiment, we chose to perform the remainder of the
experiments at 26 °C.

Screening for Cas9/sgRNA1 RNP-induced gene
editing in regenerated onion plants

We next determined if we could recover gene edited onion
plants from tissue explants that had been bombarded with
Cas9/sgRNA RNPs targeting the onion AcDMR6 gene.
For these experiments we chose to work with immature
embryos as the tissue explant, since this tissue is amenable

PCR targeting the editing site was performed and TIDE analysis of
Sanger sequencing traces was used to evaluate gene editing. X-axis
indicates Indel size and Y-axis indicates abundance of each variant
as determined by TIDE analysis of PCR amplicons (Brinkman et al.
2014).

to plant regeneration (Eady et al. 2003, 2008, 1998; Eady
and Lister 1998).

For this experiment, immature embryo explants from
onion were co-bombarded with AcDMR6 sgRNA-1 RNPs
along with pStayGold, and the explants were put through
a plant regeneration protocol without the use of selectable
markers (Fig. 3). Following 3 months of tissue culture, a
total of 146 regenerated onion plantlets were produced
(Table 1). We use the term “plantlet” to refer to the small,
regenerated onion plants that first form in tissue culture.
These plantlets were tested for gene editing early in the
tissue culture process. In some cases these single plantlets
expanded to produce a clump of multiple new plants, but
we treated these clumps of plants as a single regeneration
event when counting the number of regenerated and edited
plantlets produced in our expeirments. To test for the pres-
ence of AcDMRG6 gene editing in these plants, a restriction
enzyme-based strategy was used (Fig. 4). Briefly, edit-
ing of AcDMR6 using AcDMR6 sgRNA-1 is expected to
disrupt an Eco811 restriction site present in the AcDMR6
amplicon used in our experiments, making PCR prod-
ucts produced from gene edited plants resistant to Eco811
digestion. None of the 146 regenerated plantlets we tested
produced any Eco81I-resistant PCR products, suggesting
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26C

Fig.2 Transient editing assay using onion radicles. Radicles were
bombarded with Cas9/AcDMR6 sgRNA-1 RNPs and pStayGold.
A-D StayGold expression visualized using epifluorescence micros-
copy 16 h post-bombardment. E Control radicle that was not bom-
barded with pStayGold observed using epifluorescence microscopy. F

that gene editing was not present at a detectable level in
the regenerated plantlets.

Expression of developmental regulators to enrich
for gene editing in regenerated onion plants

Our failure to recover gene edited onion plants in the experi-
ment described above suggested that edited cells in the bom-
barded immature embryo explants do not efficiently lead to
regenerated plants. We next tested if co-bombardment of
plasmids expressing plant developmental regulator genes
along with the Cas9/sgRNAs could enrich for gene edit-
ing in the regenerated population of plants. The rationale of
this experiment is that the transient expression of a devel-
opmental regulator could jump start a bombarded cell down
the path to regeneration, thereby enriching for editing in
the population of cells that enter the regeneration pathway.
To test this hypothesis, we constructed expression vectors
that placed BABY BOOM (ZmBBM?2) (Lowe et al. 2016),
WUSCHEL (ZmWUS?2) (Hoerster et al. 2020; Lowe et al.
2016), or GRF-GIF, a fusion between Growth-Regulating
Factor (TaGRF4) and GRF-Interacting Factor (TaGIFI)
(Debernardi et al. 2020; Vandeputte et al. 2024) under the
control of the CmYLCYV constitutive promoter (Sahoo et al.
2016) (Fig. S1).

For these experiments, AcDMR6 sgRNA-1 RNPs were
co-delivered into immature embryo explants along with
pStayGold and one or more of the developmental regulator

@ Springer
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Abundance of Indel mutations in AcDMR6 for each radicle shown in
A-E. Incubation temperature post-bombardment is indicated for each
sample. Percent of reads with Indels was determined using amplicon
sequencing

gene expression plasmids pBBM, pWUS2, and pGRF-GIF.
Bombarded explants were then put through the standard tis-
sue culture-based plant regeneration protocol without selec-
tion (Fig. 3). The different combinations of developmental
regulator plasmids we co-delivered for these experiments
were: pGRF-GIF alone, pWUS2 alone, pPBBM plus pWUS?2,
and pBBM plus pGRF-GIF. The regenerated plantlets pro-
duced for each trial were tested for evidence of gene edit-
ing in AcDMR6 using the restriction enzyme-based assay
described above. Edited plantlets were recovered for all
the developmental regulator treatments tested (Table 1).
The frequency with which edited plantlets were observed
among the populations of regenerated plants ranged from
1.7% for the experiment using pWUS?2 alone to a high of
3.1% for the trial testing the combination of pPBBM plus
pGRE-GIF. For this calculation we divided the number of
edited plantlets observed by the total number of regener-
ated plantlets for a given experiment. Each edited plantlet
was considered to be an independent event, because each
arose from its own separate piece of callus tissue. Although
some of these edited plantlets expanded to produce multiple
additional plants during tissue culture, our calculation of
editing rate only counted the initial edited plantlets once,
not the total number of plants that those events expanded
to produce over the course of the tissue culture process. For
this experiment, a total of 10 edited plantlets were identi-
fied, including 3 homozygous, 2 biallelic, 2 heterozygous,
and 3 chimeric mutants. The significance of the observed
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Fig.3 Plant regeneration tissue culture protocol. A Freshly iso-
lated immature embryos arranged for bombardment. B Calli gener-
ated from immature embryos after 2 weeks on recovery medium. C
Embryogenic calli after 2 weeks on P5 medium. The yellow bumpy
properties of these calli indicate that these samples are ready for
transfer to SM4 shoot regeneration medium. D Calli begin to green

Table 1 Edited plants recovered from immature embryo explants

and shoots emerge after 2 weeks on SM4 medium. E Shoots formed
after 10 weeks on SM4 medium. F Plants grown on hormone-free
Y4 strength MS medium for ca. 4 weeks to encourage rooting. Total
elapsed time, since immature embryo isolation is indicated under
each image

Enrichment plasmids Explants Plantlets Regeneration rate Edited % Edited plantlets® Homozygous Biallelic Het-  Chimeric
bom- regener- plant- erozy-
barded ated lets gous

None 261 146 56% 0 0 0 0 0 0

GRF-GIF 126 183 145% 4 2.2%* 2 1 0 1

WUS2 54 60 111% 1 1.7%NS 0 0 0 1

BBM+WUS2 108 161 149% 4 2.5%* 1 1 2 0

BBM + GRF-GIF 111 32 29% 1 3.1%* 0 0 0 1

HYG+ GRF-GIF 136 157 115% 20 12.7%* 6 4 2 8

HYG + GRF- 208 31 15% 3 9.7%* 1 0 2 0

GIF+BBM

#“Percent edited plants” was determined by dividing the number of edited plants identified by the total number of plants regenerated for a given

treatment type

“*’Indicates that the percentage of edited plants observed is significantly different (two-sample, one-tailed z test, p <0.05) than the percentage
observed for the explants that were not bombarded with enrichment plasmids

“NS” Indicates that the percentage of edited plants observed is not significantly different (two-sample, one-tailed z test, p>0.05) than the per-
centage of edited plants observed for the explants that were not bombarded with enrichment plasmids
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Fig.4 Restriction enzyme assay

for AcDMRG editing. A Position A
of an Eco811 restriction enzyme

recognition site with respect to

the expected cut site directed

Expe

Expected cut site
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GGAATTGGAGAGATTACCTGAGG
| I | 3
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1 Dl
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|

PCR products produced from [ (+) AcDMR6-sgRNA1 |-

representative edited plants. PAM
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Eco811 prior to loading on the -+ -+ -+ -+ - 4

gel. “WT” indicates a wild-type B
control line. Line 1 is homozy-

gous for a 1-bp deletion, Line

2 is biallelic for a 1-bp deletion

and a 4-bp deletion, Line 3 is

homozygous for a 366 bp dele-

tion, and line 4 was determined

to be heterozygous based on

follow-up amplicon sequencing.

Undigested PCR products are

seen at 721 bp, while digestion

with Eco811 produces frag-

ments of 534 bp and 187 bp.

1 Kb DNA ladder is seen in lane

1 on the gel. C Representative

Sanger sequencing traces from a c

homozygous for a 1-bp deletion
that disrupts the Eco811 site

increase in the frequency of edited plantlets was evaluated
using a two-sample, one-tailed z test to compare the samples
exposed to developmental regulators to the control samples
that were not. Using this approach, all of the increases in the
rate of recovering edited plantlets were significant (two-sam-
ple, one-tailed z test, p <0.05) except for the samples trans-
fected with pWUS2 alone. The allelic state of each mutation
in the edited plantlets and whether it appeared to be chimeric
was determined using a combination of restriction enzyme
testing, Sanger sequencing, and amplicon sequencing as
described in the Methods section. It should be noted that
the characterization of a plant as having heterozygous ver-
sus chimeric mutations should be considered tentative, since
this distinction can only be fully resolved by observing the
transmission of the edited alleles through sexual generations.

Using transient hygromycin selection to enrich
for gene editing in regenerated onion plants

The results presented above demonstrated that the co-deliv-
ery of plasmids expressing developmental regulator genes
may enrich for the presence of gene editing in regenerated
plants. Although these results were encouraging, the overall
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rate with which gene edited plantlets were recovered was rel-
atively low. We, therefore, determined if additional enrich-
ment for editing could be achieved using transient antibiotic
selection as recently reported for poplar (Hoengenaert et al.
2023). The rationale for this experiment was that transient
expression of an antibiotic resistance gene in a transfected
cell should provide that cell with transient protection from
the antibiotic. If the tissue explant is only exposed to antibi-
otic selection for 2 days, the transfected cell should be able
to survive and then proliferate once selection is removed.
By contrast, growth of neighboring cells that were not trans-
fected should be inhibited or killed by the short exposure to
high levels of the antibiotic.

For these experiments, AcDMR6 sgRNA1 RNPs were co-
delivered along with pStayGold, pHyg, which confers resist-
ance to Hygromycin, and either pGRF-GIF or pGRF-GIF
and pBBM. We included the developmental regulator
expression plasmids in these experiments to attempt to build
upon the enrichment for gene editing that we observed in
the previous experiment. 16 h after bombardment, the tis-
sue explants were transferred to growth media supplemented
with 200 mg/L Hygromycin-B and incubated under selection
for 48 h. The explants were then transferred to fresh growth
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media without Hygromycin and subjected to the standard
tissue culture process described above without additional
antibiotic selection for the remainder of the experiment.

Observation of the explants using epifluorescence micros-
copy l-day post-bombardment revealed explants with
varying degrees of expression of the StayGold fluorescent
reporter (Fig. 5). Following 2 days of Hygromycin selec-
tion, we observed that cell proliferation correlated with the
regions of the transfected explants that displayed StayGold
expression. This observation suggested that the transfected
cells may be resistant to the Hygromycin treatment when
compared with other regions of the same explant. Control
explants that were not bombarded showed no evidence of
cell proliferation following 48 h Hygromycin treatment. In
fact, those control samples did not develop any callus or
show any signs of cell proliferation for the full duration of
the several-month-long tissue culture process if they were
exposed to Hygromycin for 48 h (Fig. S2).

Sample 1

Sample 2

Tmm Sample 3

Fig.5 Transient hygromycin selection with immature embryo
explants. Immature embryo explants were co-transfected with
AcDMR6-sgRNA1 RNPs, pHyg, and pGRF-GIF, subjected to 48 h
of treatment with Hygromycin-B, and incubated on selection-free
media for an additional 24 h. A-C StayGold expression visualized
24 h post-transfection. D-F Brightfield images of the same explants

For the samples transfected with RNPs plus the Hygro-
mycin-resistance construct and the developmental regu-
lator plasmids, we recovered a total of 188 regenerated
plantlets. AcDMR6 gene editing was observed in 12.7% of
the plantlets regenerated from the explants transfected with
the pHyg plus pGRF-GIF (Table 1). For the experiment
testing pHyg along with pGRF-GIF and pBBM, 9.7% of
the regenerated plantlets were edited. Compared to the
control samples that were not transfected with any enrich-
ment plasmids, the rate of edited plantlets in the pHyg plus
pGREF-GIF and the pHyg plus pGRF-GIF and pBBM were
both significantly higher than that observed for the control
that did not produce any edited plantlets (two-sample, one-
tailed z test, p<0.05). A total of 23 edited plantlets were
produced for these experiments, including 7 homozygous,
4 biallelic, 4 heterozygous, and 8 chimeric.

Sample 1

Sample 3

shown in A-C 24 h after Hygromycin treatment was complete.
Regions of the explant undergoing cell proliferation appear yellowish,
while regions with no cell proliferation appear white. G-I Cartoon
drawing to highlight the regions of each explant that are undergoing
cell proliferation as indicated by yellow coloring. Sample 3 had little
StayGold expression and no detectable cell proliferation
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Testing transient hygromycin selection using
embryogenic callus as the bombarded explant

We observed above that a combination of transient Hygro-
mycin selection plus the expression of a developmental regu-
lator gene can substantially enrich for the presence of gene
editing in regenerated plants. In that experiment, immature
embryo explants were used for bombardment. Because a
previous study that used transient antibiotic selection to
enrich for gene editing in plants used embryogenic callus as
the explant for bombardment rather than immature embryos
(Hoengenaert et al. 2023), we were interested in testing tran-
sient Hygromycin selection using onion embryogenic callus
as the starting explant.

For this experiment we incubated onion immature
embryos on callus induction media for 18 days and then

" Day 153

Fig.6 Transient Hygromycin selection with fresh callus. A 18-day-
old embryogenic callus derived from immature embryo explants.
B Selected 18-day-old callus arranged for bombardment. C Stay-
Gold expression in embryogenic callus imaged 16 h after bombard-
ment using epifluorescence microscopy. D Bombarded piece of cal-
lus following 48 h of Hygromycin selection. E Same piece of callus
shown in panel D after 2 weeks of incubation on PS5 medium. Dead

@ Springer

selected explants that had well-developed embryogenic
callus growth (Fig. 6). AcDMR6 sgRNA1 RNPs were then
co-delivered into this fresh callus along with pStayGold,
pHyg, and either pGRF-GIF, pGRF-GIF and pBBM, or no
developmental regulator plasmids. Bombarded callus was
observed 1-day post-bombardment to determine StayGold
expression (Fig. 6) and subjected to a 48-h Hygromycin
treatment. Samples were then returned to the standard tissue
culture protocol without any additional antibiotic selection.

A total of 232 plantlets were regenerated for these experi-
ments, including 14 plantlets with targeted mutations in
AcDMRG6 (Table 2). The frequency with which edited plant-
lets were recovered in all these trials ranged from 5.8% to
6.4%. The addition of developmental regulator plasmids did
not significantly change the rate with which edited plant-
lets were produced in these experiments when compared to

k‘\' -3 = -
3 A TERC RO TV DRSS SR S SRS

Day 153

tissue appears white, while healthy tissue appears yellow. F Callus
after 2 weeks of incubation on P5 medium. G Callus after additional
growth on P5 medium. H Cluster of regenerated plants produced by
this system. I Individual plantlets that were teased apart from the
cluster of plants in panel H. Total elapsed time, since initial immature
embryo isolation is indicated under each image
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Table 2 Edited plants recovered from callus using transient Hygromycin selection

Enrichment plasmids Explants  Plants Regeration rate Edited % Edited plantlets" Homozygous Biallelic Het- Chimeric
bom- regener- plant- erozy-
barded ated lets gous
HYG 79 78 99% 5 6.4% 1 3 0 1
HYG+ GRF-GIF 91 50 55% 3 6.0%S 0 2 1 0
HYG+GRF-GIF+BBM 94 104 111% 6 5.8%N8 2 1 0 3

 “Percent edited plants” was determined by dividing the number of edited plants identified by the total number of plants regenerated for a given

treatment type

“NS” Indicates that the percentage of edited plants observed for the trials involving developmental regulator expression is not significantly dif-
ferent (two-sample, two-tailed z test, p>0.05) than the percentage of edited plants observed for the explants that were bombarded with the HYG

plasmid but no developmental regulator plasmids

the sample that did not receive any developmental regula-
tor plasmids (two-sample, two-tailed z test, p <0.05). The
edited plantlets produced in these experiments included 3
homozygous, 6 biallelic, 1 heterozygous, and 4 chimeric.
A complete list of all the edited plants produced in this
study is presented in Table 3. This table documents the dele-
tion sizes of the edited alleles, as well as the allele ratios
observed for plants with more than one allele (Table 3).

Screening for the presence of expression constructs
in the edited lines

The results described above suggest that the transient
expression of a hygromycin-resistance gene and/or devel-
opmental regulator genes may enrich for gene editing in
regenerated onion plants. If transient expression is suf-
ficient to drive the enrichment for gene editing, then one
would expect to recover edited lines that do not have func-
tional copies of the expression plasmids stably inserted in
the genome. By contrast, if enrichment depends on long-
term expression of the plasmids, then one would expect to
find functional copies of the Hygromycin-resistance and/or
developmental regulator expression plasmids inserted into
the genomes of the edited plants. To explore this question,
we designed PCR primers that amplified regions of the
coding sequences of all the expression plasmids used in
these experiments, including pGRF-GIF, pBBM, pWUS2,
and pHyg. PCR reactions were performed using these
primers for each of the edited lines produced in our experi-
ments. Evidence of stable integration of DNA from the
hygromycin-resistance protein coding sequence in pHyg
was observed for 3 out of the 37 edited plants produced
using transient Hygromycin selection (Table 4). For the
developmental regulator experiments, we found that 4 out
of 37 plants had evidence of stable integration of DNA
from the TaGRF4-TaGIFI protein coding sequence in
pGRF-GIF. None of the 13 edited plants recovered using
pBBM and none of the 4 plants recovered using pWUS2

showed evidence of stable integration of the complete pro-
tein coding sequences for the developmental regulators
present in those constructs. The objective of these experi-
ments was to determine if functional copies of the protein
coding sequences in each enrichment plasmid had been
integrated into the genome of edited plants. The absence
of an intact protein coding sequence for a given plasmid
does not mean that there are not fragments of that plasmid
integrated into the genomes of the edited lines. Determin-
ing if the regenerated plants are free of foreign DNA will
require additional testing as these experiments were not
designed to address that question.

Propagation of edited onion lines in soil

We identified a total of 47 edited onion plants in tissue
culture. After their initial identification as edited plants,
we allowed each of these edited plants to grow larger in
tissue culture before transferring them to soil. At the point,
where these plants were transferred to soil, we observed
that 10 of the 47 edited lines initially observed to be a
single plant ended up developing into clusters of multiple
plants (Fig. 6). These clusters were teased apart into indi-
vidual plants (Fig. 6), transferred to pots containing soil-
less mix, and subsequently genotyped. This analysis dem-
onstrated that the plants in each cluster were genotypically
identical to the original plant that first emerged in tissue
culture, suggesting that they were clonally produced from
the same initial editing event. The data shown in Tables 1,
2, and 3 report the frequency of gene editing observed in
our initial screen. We later quantified the number of events
that led to groups of edited clones being recovered from
single initial plants (Table 5).
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Table 3 Characteristics of the 47 edited onion plants identified in this study

Sample ID Enrichment gene Category Allele 1 Allele 2 Allele 3 Allele 4 Allele 5 Analysis type
10.9-13 wuUS Chimeric 66% -1 bp 25.85% -3 bp 8.15% WT  / / Amplicon Seq®
10.2-54 ~ BBM+WUS Heterozygous 49.18% -3bp  50.82% WT / / / Amplicon Seq
10.28-18 BBM+WUS Biallelic 512%-4bp  48.8% -8 bp / / / DECODR®
10.3-3 BBM+WUS Homozygous 100%-1 bp / / / / Amplicon Seq
9.24-31 BBM+WUS Heterozygous 47%-3 bp 53% WT / / / Amplicon Seq
10.1-2 GRF Chimeric 40.64% WT  32.17%-5bp  272%-5bp / / Amplicon Seq
10.15-12 GRF Biallelic 524%-5bp  47.6%-34bp [/ / / DECODR
9.23-16  GRF Homozygous 100% -108 bp / / / / DECODR
9.23-28 GRF Homozygous 100% -1 bp / / / / DECODR
10.18-15 GRF+BBM Chimeric 76.89% 20.65% -58bp  2.5%-35bp / / Amplicon Seq
-180 bp
11.1-11 HYG Chimeric 42.1% -1 bp 16%+172bp  41.8%2 WT [/ / Amplicon Seq
11.14-27 HYG Homozygous 100% -1 bp / / / / DECODR
11.22-13 HYG Biallelic 52.68% -6bp 47.32%-1bp  / / / Amplicon Seq
11.6-10 HYG Biallelic 56.5%-1bp  43.5% -4 bp / / / DECODR
12.3-14  HYG Biallelic 588%-1bp  41.2% -4 bp / / / DECODR
10.14-51 HYG+GRF Biallelic 50% -5 bp 50% -35 bp / / / DECODR
10.14-54 HYG+GRF Homozygous 100% -1 bp / / / / Amplicon Seq
10.14-59 HYG+GRF Chimeric 72.36% WT 17.27% -5 bp 10.37% -1bp / / Amplicon Seq
10.18-21 HYG+GRF Homozygous 100% -1 bp / / / / DECODR
10.18-27 HYG+GRF Homozygous 100% -86bp  / / / / DECODR
10.18-28 HYG+GRF Homozygous 100% -1 bp / / / / DECODR
10.21-36  HYG+GRF Biallelic 48.4%-1bp  51.6%-12bp  / / / DECODR
10.28-2  HYG+GRF Chimeric 66% -5 bp 34% -35 bp / / / DECODR
10.28-3  HYG+GRF Biallelic 50.4%-1bp  49.6% -8 bp / / / DECODR
10.28-7 HYG+GRF Homozygous 100% -1 bp / / / / DECODR
10.7-29  HYG+GRF Chimeric 16.01% -8bp 17.5% -1 bp 66.49% WT / / Amplicon Seq
10.7-3 HYG+GRF Heterozygous 57.5% -1bp  42.5% WT / / / Amplicon Seq
10.7-6 HYG+GRF Chimeric 53.08% 36.25% -3 bp 10.67% WT / / Amplicon Seq
-13bp,+2T
10.9-28  HYG+GRF Chimeric 56.76% WT  25.07%-10bp 18.17% -3 bp / / Amplicon Seq
11.22-17 HYG+GRF Heterozygous 57.16% WT  42.84%-1bp  / / / Amplicon Seq
11.6-13 HYG+GRF Chimeric 25.1% -5 bp 17.44% -1 bp 57.46% WT / / Amplicon Seq
11.6-14  HYG+GRF Biallelic 50% -1 bp 50% -8 bp / / / DECODR
11.7-14 HYG +GRF Chimeric 45.8% -1 bp 16.72% -3 bp 37.48% -6 bp / / Amplicon Seq
11.8-15 HYG+GRF Biallelic 592%-1bp  40.8%-10bp  / / / DECODR
11.8-6 HYG+GRF Heterozygous 48.43%-1bp 51.17% WT / / / Amplicon Seq
12.3-17 HYG+GRF Biallelic 55.99% -3bp 44.01%-6bp  / / / Amplicon Seq
9.25 -5 HYG+GRF Homozygous 100% -1 bp / / / / DECODR
9.30-6 HYG+GRF Chimeric 66.42%+G 33.58%-1bp / / / Amplicon Seq
10.21-21 HYG+GRF+BBM Chimeric 85.8% -328bp 14.2% WT / / / Amplicon Seq
10.31-14 HYG+GRF+BBM Homozygous 100% -1 bp / / / / Plasmidsaurus
10.31-18 HYG+GRF+BBM Biallelic 51.36%+G 48.64% -6bp  / / / Amplicon Seq
10.8-24 HYG+GRF+BBM Heterozygous 57.98% -1bp 42.02% WT / / / Amplicon Seq
10.8-34 HYG+GRF+BBM Heterozygous 51.7% -1 bp 48.3% WT / / / Amplicon Seq
11.6-16 HYG+GRF+BBM Homozygous 100% -366bp / / / / DECODR
11.6-18  HYG+GRF+BBM Chimeric 4.69% -1 bp 3.76% -2 bp 36.2% 6bp  38.95%-7bp 16.39% WT Amplicon Seq
11.6-2 HYG+GRF+BBM Chimeric 85.5% -3 bp 14.5%+247bp / / / Amplicon Seq
11.8-10 HYG+GRF+BBM Homozygous 100% -10bp / / / / DECODR
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Table 3 (continued)

#Amplicon Seq” indicates that amplicon sequencing using Oxford Nanopore technology was used to characterize the genotype of the edited line

®“DECODR” indicates that DECODR analysis of Sanger sequencing data was used to characterize the genotype of the edited line

Discussion

Enrichment for gene editing using transient
expression of developmental regulator genes

Our results indicate that transient expression of develop-
mental regulator genes can increase the frequency of gene
edited onion plants using biolistic transfection. No edited
plants were produced when Cas9/sgRNA RNPs were deliv-
ered into immature embryos without any plasmids designed
to provide enrichment for editing, while edited lines were
recovered when different combinations of the development
regular genes GRF-GIF, BBM, and WUS2 were expressed.
The rate with which edited lines occurred among the regen-
erated plantlets for these experiments ranged from 1.7% to
3.1%. Our working model for how transient expression of
a developmental regulator might enhance gene editing in
the population of regenerated plants is as follows. When
a tissue explant is subjected to tissue culture conditions, a
relatively small number of cells in that explant proceed down
the developmental pathway that leads to regeneration of a
new plant. If a plasmid encoding a developmental regulator
gene is transiently expressed in one of those cells that may
be sufficient to stimulate that cell towards regeneration pref-
erentially over other cells in the explant. By co-delivering
Cas9/sgRNA RNPs into those same cells, it may be pos-
sible to preferentially drive edited cells towards regenera-
tion. Further research will be needed to determine which
developmental regulators are best suited to enrich for gene
editing in this system and what the underlying mechanism
is responsible for enrichment.

Enrichment for gene editing using transient
antibiotic expression

While the enrichment for gene editing we observed using
developmental regulator constructs was encouraging, we
hoped to develop an editing pipeline that produced edited
lines at a rate higher than the 3.1% we observed with that
strategy. We explored whether transient expression of a
hygromycin-resistance gene could allow higher rates of
enrichment for editing. These experiments build upon the
previously reported success of using transient Kanamy-
cin selection to enrich for editing in poplar (Hoengenaert
et al. 2023). In our case, we observed up to 12.7% of the
regenerated plants were edited when transient Hygromycin
selection was used in conjunction with expression of the
TaGRF4-TaGIF1 developmental (Debernardi et al. 2020)

regulator using immature embryos as the starting mate-
rial. Further research will be needed to determine the rela-
tive contributions of transient Hygromycin selection and
transient TaGRF4-TaGIF1 expression to this enrichment.
Regardless, we have demonstrated that enrichment strategies
can be used to efficiently produce gene edited onion plants
without stable genetic transformation.

One observation was that exposing onion immature
embryos to Hygromycin for 48 h is sufficient to block cell
proliferation under the tissue culture conditions used in
these experiments. The control samples did not show any
cell growth or cell division and did not form any callus when
they were exposed to Hygromycin for 48 h. By contrast,
similar explants put into tissue culture without Hygromycin
treatment rapidly produce large amounts of callus. These
results suggest that a short 48-h Hygromycin treatment effec-
tively kills cells in an immature embryo explant, thereby
providing us with a strong genetic selection for the expres-
sion of a resistance gene. Further work will be needed to
determine if the resistance phenotype provided by transient
expression of the hygromycin-resistance gene acts in a cell-
autonomous manner. Regardless, this selection appears to
allow for substantial enrichment for gene editing in regener-
ated plants.

Transient expression of enrichment factors appears
to be sufficient to enhance the recovery of edited
plants

The hypothesis underlying our experiments is that tran-
sient expression of developmental regulators or an anti-
biotic resistance gene should allow for the enrichment of
gene editing in regenerated plants. With biolistic transfec-
tion, an introduced plasmid can have two different fates. It
can remain extrachromosomal and drive transient expres-
sion of the encoded gene until the plasmid is degraded or
lost from the nucleus during cell division. Alternatively,
the plasmid can become linearized and stably incorpo-
rated into the genome of the cell. In this case expression
of the gene encoded by the plasmid could persist in the
cell lineages derived from the initial cell in which the
plasmid integrated. If transient expression was not suf-
ficient to provide the enrichment for gene editing that we
observed in this study, then we would expect that most, if
not all, of the edited plants recovered in our experiments
should have intact copies of the expression units for the
developmental regulators and/or hygromycin-resistance
gene stably incorporated into their genomes. To explore
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Table 4 PCR screen for stable integration of expression vector sequences in edited plants

Sample ID Explant Bombarded Mutation type Enrichment plasmids Hyg GRF BBM wuUS
10.9-13 Immature embryo Chimeric wuUS A / / Negative®
10.2-54 Immature embryo Heterozygous BBM+WUS / / Negative Negative
10.28-18 Immature embryo Biallelic BBM+WUS / / Negative Negative
10.3-3 Immature embryo Homozygous BBM+WUS / / Negative Negative
9.24-31 Immature embryo Heterozygous BBM+WUS / / Negative Negative
10.1-2 Immature embryo Chimeric GRF / Negative / /
10.15-12 Immature embryo Biallelic GRF / Negative / /
9.23-16 Immature embryo Homozygous GRF / Negative / /
9.23-28 Immature embryo Homozygous GRF / Negative / /
10.18-15 Immature embryo Chimeric GRF+BBM / Negative Negative /

11.1-11 Embryogenic callus Chimeric Hyg Negative / / /
11.14-27 Embryogenic callus Homozygous Hyg Positive® / / /
11.22-13 Embryogenic callus Biallelic Hyg Negative / / /
11.6-10 Embryogenic callus Biallelic Hyg Negative / / /
12.3-14 Embryogenic callus Biallelic Hyg Negative / / /
10.14-51 Immature embryo Biallelic Hyg+GRF Negative Positive / /
10.14-54 Immature embryo Homozygous Hyg+GRF Negative Negative / /
10.14-59 Immature embryo Chimeric Hyg+GRF Negative Positive / /
10.18-21 Immature embryo Homozygous Hyg+GRF Negative Negative / /
10.18-27 Immature embryo Homozygous Hyg+GRF Negative Negative / /
10.18-28 Immature embryo Homozygous Hyg+GRF Negative Negative / /
10.21-36 Embryogenic callus Biallelic Hyg+ GRF Negative Negative / /
10.28-2 Immature embryo Chimeric Hyg+ GRF Negative Negative / /
10.28-3 Immature embryo Biallelic Hyg+GRF Negative Negative / /
10.28-7 Immature embryo Homozygous Hyg+GRF Negative Negative / /
10.7-29 Immature embryo Chimeric Hyg+ GRF Negative Negative / /

10.7-3 Immature embryo Heterozygous Hyg+ GRF Negative Negative / /

10.7-6 Immature embryo Chimeric Hyg+ GRF Negative Negative / /
10.9-28 Immature embryo Chimeric Hyg+ GRF Negative Negative / /
11.22-17 Immature embryo Heterozygous Hyg+ GRF Negative Negative / /
11.6-13 Immature embryo Chimeric Hyg+ GRF Positive Negative / /
11.6-14 Immature embryo Biallelic Hyg+ GRF Negative Negative / /
11.7-14 Immature embryo Chimeric Hyg+ GRF Negative Negative / /
11.8-15 Immature embryo Biallelic Hyg+GRF Negative Negative / /

11.8-6 Embryogenic callus Heterozygous Hyg+GRF Negative Negative / /
12.3-17 Embryogenic callus Biallelic HYG+GRF Negative Negative / /

9.25-5 Immature embryo Homozygous Hyg+ GRF Positive Positive / /

9.30-6 Immature embryo Chimeric Hyg+ GRF Negative Positive / /
10.21-21 Embryogenic callus Chimeric Hyg+ GRF+BBM Negative Negative Negative /
10.31-14 Embryogenic callus Homozygous Hyg+ GRF+BBM Negative Negative Negative /
10.31-18 Embryogenic callus Biallelic Hyg+ GRF+BBM Negative Negative Negative /
10.8-24 Immature embryo Heterozygous Hyg+GRF+BBM Negative Negative Negative /
10.8-34 Immature embryo Heterozygous Hyg+GRF+BBM Negative Negative Negative /
11.6-16 Immature embryo Homozygous Hyg+GRF+BBM Negative Negative Negative /

11.6-18 Embryogenic callus Chimeric Hyg+GRF+BBM Negative Negative Negative /

11.6-2 Embryogenic callus Chimeric Hyg+GRF+BBM Negative Negative Negative /
11.8-10 Embryogenic callus Homozygous Hyg+ GRF+BBM Negative Negative Negative /

2 “/” indicates that the plasmid was not included in that bombardment experiment

b “Negative” indicates that no PCR products were detected

¢ “Positive” indicates that a PCR product of the expected size was detected
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Table 5 Clones identified from

; Initial edited plantlet
plantlets that formed multiple

Initial Genotype

Total number of Putative clone genotype

genotypically identical plants clones

9.23-16 Homozygous 3 Homozygous
10.15-12 Biallelic 2 Biallelic
11.6-18 Chimeric 2 Chimeric
11.6-16 Homozygous 3 Homozygous
10.8-34 Heterozygous 7 Heterozygous
11.6-2 Chimeric 9 Chimeric
11.8-6 Heterozygous 9 Heterozygous
11.22-6 Heterozygous 9 Heterozygous
12.3-14 Biallelic 3 Biallelic
11.6-10 Biallelic 17 Biallelic

this possibility, we used PCR to screen for the presence
of the protein coding sequence of each of the enrichment
factors used in our experiments. We observed that ca. 10%
of the edited lines produced using transient Hygromycin
selection contained a copy of the hygromycin-resistance
coding sequence. For the developmental regulator con-
structs, ca. 10% of the lines that used TaGRF4-TaGIF1
(Debernardi et al. 2020) for enrichment had a portion of
that coding sequence, while no copies of the ZmWUS2
(Lowe et al. 2016) nor ZmBBM?2 (Lowe et al. 2016)
regions were found. Taken together, these results suggest
that stable incorporation of the plasmids encoding the
enrichment factors is not necessary to enrich for gene
editing in this system.

In the case of using transient Kanamycin selection
to enrich for gene editing in poplar, 57% of the edited
plants carried a portion of the Kanamycin resistance gene
(Hoengenaert et al. 2023). Because there are several dif-
ferences between the gene editing pipelines used for pop-
lar and onion it is difficult to determine why the rates of
DNA integration are different in these two cases. Further
research will be needed to better understand what factors
determine the frequency of stable DNA integration when
transient antibiotic selection is used to enrich for gene
editing.

The PCR-based analysis to screen for functional copies
of the transient expression constructs in the edited onion
lines was not designed to determine if these edited lines
are transgene-free. The purpose of the experiment was
to explore if transient gene expression was sufficient to
drive enrichment for gene editing. To determine if these
lines are transgene-free, one would need to perform more
exhaustive analysis using either a battery of PCR prim-
ers that span the entirety of the plasmids used in each
experiment or whole-genome sequencing to search for the
presence of any foreign DNA. That analysis was beyond
the scope of the current study.

Production of homozygous, biallelic, heterozygous,
and chimeric lines

Among the 47 edited onion plants recovered in this study,
ca. 28% were homozygous for the edited allele, ca. 25% were
biallelic, ca. 15% were heterozygous, and ca. 32% appeared
to be chimeric. These determinations were made using a
combination of restriction enzyme analysis, Sanger sequenc-
ing, and amplicon sequencing. From a practical perspec-
tive, the fact that over 50% of the recovered plants were
homozygous or biallelic means that phenotypic studies can
be carried out on the regenerated lines without having to go
through an additional generation to allow a heterozygous
mutation to segregate homozygous progeny. In addition,
because stable genetic transformation is not part of our edit-
ing pipeline, it should be possible to identify transgene-free
edited lines in the population of regenerated plants.

Edited lines recovered in tissue culture often
produce clones during the culturing process

We observed that initial edited plants identified in tissue culture
often developed into clusters of edited clonal propagules. This
phenomenon presents an opportunity to immediately produce
multiple clones of edited plants. Clones were identified from
ca. 22% of the total regeneration events that produced edited
plantlets, suggesting this phenomenon occurs at a useful rate.
The most extreme instance of recovering edited clones was
observed with a group of 17 plants derived from the same ini-
tial edited plantlet identified in tissue culture. In this example,
the initial plantlet identified in tissue culture was found to be
biallelic with a 1-bp deletion on one chromosome and a 4-bp
deletion on the other. When it was time to transfer this initial
plantlet out of tissue culture and into soilless mix, this plant-
let had morphed into a cluster of 17 plants. Each of these 17
plants was transferred into a separate pot, and genotype analysis
indicated that they are all clones of the initial biallelic plantlet.
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Conclusion

Further testing will be needed to determine the phenotypic
effects of the edited AcDMR6 alleles produced in this study
and to study the genetic transmission of these alleles. Exam-
ples from other plant species have indicated that plants
homozygous for DMR6 knockout mutations can display resist-
ance to a range of microbial pathogens (Giacomelli et al. 2023;
Parajuli et al. 2022; Paula De Toledo Thomazella et al. 2016;
Pirrello et al. 2022; Thomazella et al. 2021; Tripathi et al.
2021; Zeilmaker et al. 2015), so it will be interesting to study
the disease susceptibility of these edited onion plants to a panel
of pathogens. Although chimeric plants represented only ca.
1/3 of the edited plants produced in our experiments, it will
be important to follow the transmission of edited alleles into
the next generation with these chimeric plants. The gene edit-
ing pipeline that we describe provides an efficient process for
producing gene edited onion plants without the need for stable
genetic transformation. The strategy of using transient gene
expression to enrich for the presence of gene editing in the
population of regenerated plants should be readily applicable
to other crop species.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00299-025-03626-3.

Acknowledgements The authors thank Christy Stewart for expert tech-
nical assistance with this project and Colin Eady and Sheree Brinch
for providing updated recipes for the P5S and SM4 medium used in
this study.

Author contributions Experiments were planned by CLDLM and PJK.
All authors provided critical feedback and helped shape the research,
analysis, and manuscript. MJH vernalized bulbs and cultivated onion
plants in the greenhouse. CLDLM carried out experiments with PJK
also contributing. CLDLM collected and analyzed the data. CLDLM
produced the figures of the manuscript with input from PJK. CLDLM
and PJK co-authored the manuscript with input from MJH.

Funding This work was supported by the National Science Foundation,
grant number NSF 10S-1844304.

Data availability The data sets generated during the current study are
available from the corresponding author on reasonable request.

Declarations

Conflict of interests The authors have no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will

@ Springer

need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Andersson M, Turesson H, Olsson N, Filt A, Ohlsson P, Gonzalez MN,
Samuelsson M, Hofvander P (2018) Genome editing in potato via
CRISPR-Cas9 ribonucleoprotein delivery. Physiol Plant 164:378—
384. https://doi.org/10.1111/ppl.12731

Badhan S, Ball AS, Mantri N (2021) First report of CRISPR/Cas9
mediated DNA-Free editing of 4CL and RVE7 genes in chickpea
protoplasts. Int J Mol Sci 22:396. https://doi.org/10.3390/ijms2
2010396

Banakar R, Eggenberger AL, Lee K, Wright DA, Murugan K, Zare-
cor S, Lawrence-Dill CJ, Sashital DG, Wang K (2019) High-
frequency random DNA insertions upon co-delivery of CRISPR-
Cas9 ribonucleoprotein and selectable marker plasmid in rice. Sci
Rep 9:19902. https://doi.org/10.1038/s41598-019-55681-y

Bloh K, Kanchana R, Bialk P, Banas K, Zhang Z, Yoo B-C, Kmiec
EB (2021) Deconvolution of complex DNA repair (DECODR):
establishing a novel deconvolution algorithm for comprehensive
analysis of CRISPR-edited Sanger sequencing data. CRISPR J
4:120-131. https://doi.org/10.1089/crispr.2020.0022

Brinkman EK, Chen T, Amendola M, van Steensel B (2014) Easy
quantitative assessment of genome editing by sequence trace
decomposition. Nucleic Acids Res 42:e168—e168. https://doi.
org/10.1093/nar/gku936

Van Damme, M., Van Den Ackerveken, F., Pel, M., 2023. Disease
resistant onion plants. US20210115457A1.

Debernardi JM, Tricoli DM, Ercoli MF, Hayta S, Ronald P, Palatnik
JF, Dubcovsky J (2020) A GRF-GIF chimeric protein improves
the regeneration efficiency of transgenic plants. Nat Biotechnol
38:1274-1279. https://doi.org/10.1038/s41587-020-0703-0

Eady CC, Lister CE (1998) A comparison of four selective agents
for use with Allium cepa L. immature embryos and immature
embryo-derived cultures. Plant Cell Rep 18:117-121. https://doi.
org/10.1007/s002990050542

Eady CC, Butler RC, Suo Y (1998) Somatic embryogenesis and plant
regeneration from immature embryo cultures of onion (Allium
cepa L.). Plant Cell Rep 18:111-116. https://doi.org/10.1007/
5002990050541

Eady C, Davis S, Farrant J, Reader J, Kenel F (2003) Agrobacterium
tumefaciens-mediated transformation and regeneration of herbi-
cide resistant onion (Allium cepa) plants. Ann Appl Biol 142:213—
217. https://doi.org/10.1111/j.1744-7348.2003.tb00243.x

Eady CC, Kamoi T, Kato M, Porter NG, Davis S, Shaw M, Kamoi
A, Imai S (2008) Silencing onion lachrymatory factor synthase
causes a significant change in the sulfur secondary metabolite
profile. Plant Physiol 147:2096-2106. https://doi.org/10.1104/pp.
108.123273

Giacomelli L, Zeilmaker T, Giovannini O, Salvagnin U, Masuero D,
Franceschi P, Vrhovsek U, Scintilla S, Rouppe Van Der Voort
J, Moser C (2023) Simultaneous editing of two DMR6 genes in
grapevine results in reduced susceptibility to downy mildew. Front
Plant Sci 14:1242240. https://doi.org/10.3389/fpls.2023.1242240

Havey MJ (2020) Genetic mapping of chartreuse bulb color in onion. J
Amer Soc Hort Sci 145:110-119. https://doi.org/10.21273/JASHS
04861-20

Hirano M, Ando R, Shimozono S, Sugiyama M, Takeda N, Kurokawa
H, Deguchi R, Endo K, Haga K, Takai-Todaka R, Inaura S, Mat-
sumura Y, Hama H, Okada Y, Fujiwara T, Morimoto T, Katayama
K, Miyawaki A (2022) A highly photostable and bright green
fluorescent protein. Nat Biotechnol 40:1132-1142. https://doi.org/
10.1038/541587-022-01278-2


https://doi.org/10.1007/s00299-025-03626-3
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/ppl.12731
https://doi.org/10.3390/ijms22010396
https://doi.org/10.3390/ijms22010396
https://doi.org/10.1038/s41598-019-55681-y
https://doi.org/10.1089/crispr.2020.0022
https://doi.org/10.1093/nar/gku936
https://doi.org/10.1093/nar/gku936
https://doi.org/10.1038/s41587-020-0703-0
https://doi.org/10.1007/s002990050542
https://doi.org/10.1007/s002990050542
https://doi.org/10.1007/s002990050541
https://doi.org/10.1007/s002990050541
https://doi.org/10.1111/j.1744-7348.2003.tb00243.x
https://doi.org/10.1104/pp.108.123273
https://doi.org/10.1104/pp.108.123273
https://doi.org/10.3389/fpls.2023.1242240
https://doi.org/10.21273/JASHS04861-20
https://doi.org/10.21273/JASHS04861-20
https://doi.org/10.1038/s41587-022-01278-2
https://doi.org/10.1038/s41587-022-01278-2

Plant Cell Reports (2025) 44:243

Page 190f20 243

Hoengenaert L, Van Doorsselaere J, Vanholme R, Boerjan W (2023)
Microparticle-mediated CRISPR DNA delivery for genome edit-
ing in poplar. Front Plant Sci 14:1286663. https://doi.org/10.3389/
pls.2023.1286663

Hoerster G, Wang N, Ryan L, Wu E, Anand A, McBride K, Lowe
K, Jones T, Gordon-Kamm B (2020) Use of non-integrating
Zm-Wus2 vectors to enhance maize transformation. Vitro
Cell Dev Biol - Plant 56:265-279. https://doi.org/10.1007/
s11627-019-10042-2

Jiang W, Bush J, Sheen J (2021) A versatile and efficient plant proto-
plast platform for genome editing by Cas9 RNPs. Front Genome
Ed 3:719190. https://doi.org/10.3389/fgeed.2021.719190

Jiang Y, Wei X, Zhu M, Zhang X, Jiang Q, Wang Z, Cao Y, An X,
Wan X (2024) Developmental regulators in promoting genetic
transformation efficiency in maize and other plants. Curr Plant
Biol 40:100383. https://doi.org/10.1016/j.cpb.2024.100383

Kim S, Kim D, Cho SW, Kim J, Kim J-S (2014) Highly efficient
RNA-guided genome editing in human cells via delivery of
purified Cas9 ribonucleoproteins. Genome Res 24:1012-1019.
https://doi.org/10.1101/gr.171322.113

Labun K, Montague TG, Krause M, Torres Cleuren YN, Tjeldnes H,
Valen E (2019) CHOPCHOP v3: expanding the CRISPR web
toolbox beyond genome editing. Nucleic Acids Res 47:W171-
W174. https://doi.org/10.1093/nar/gkz365

Liang Z, Chen K, Li T, Zhang Y, Wang Y, Zhao Q, Liu J, Zhang
H, Liu C, Ran Y, Gao C (2017) Efficient DNA-free genome
editing of bread wheat using CRISPR/Cas9 ribonucleoprotein
complexes. Nat Commun 8:14261. https://doi.org/10.1038/
ncomms 14261

Lin S, Staahl BT, Alla RK, Doudna JA (2014) Enhanced homology-
directed human genome engineering by controlled timing of
CRISPR/Cas9 delivery. Elife 3:e04766. https://doi.org/10.7554/
eLife.04766

Liu X, Bie XM, Lin X, Li M, Wang H, Zhang X, Yang Y, Zhang C,
Zhang XS, Xiao J (2023) Uncovering the transcriptional regu-
latory network involved in boosting wheat regeneration and
transformation. Nat Plants 9:908-925. https://doi.org/10.1038/
$41477-023-01406-z

Lowe K, Wu E, Wang N, Hoerster G, Hastings C, Cho M-J, Sce-
longe C, Lenderts B, Chamberlin M, Cushatt J, Wang L, Ryan
L, Khan T, Chow-Yiu J, Hua W, Yu M, Banh J, Bao Z, Brink
K, Igo E, Rudrappa B, Shamseer P, Bruce W, Newman L, Shen
B, Zheng P, Bidney D, Falco C, Register J, Zhao Z-Y, Xu D,
Jones T, Gordon-Kamm W (2016) Morphogenic regulators baby
boom and wuschel improve monocot transformation. Plant Cell
28:1998-2015. https://doi.org/10.1105/tpc.16.00124

MaM, Zhang C, Yu L, Yang J, Li C, Ma M, Zhang C, Yu L, YangJ,
Li C (2024) CRISPR/Cas9 ribonucleoprotein mediated DNA-
free genome editing in larch. For Res. https://doi.org/10.48130/
forres-0024-0033

McFarland FL, Collier R, Walter N, Martinell B, Kaeppler SM,
Kaeppler HF (2023) A key to totipotency: Wuschel-like home-
obox 2a unlocks embryogenic culture response in maize (Zea
mays L.). Plant Biotechnol J 21:1860-1872. https://doi.org/10.
1111/pbi.14098

Meyer CM, Goldman IL, Grzebelus E, Krysan PJ (2022) Efficient
production of transgene-free, gene-edited carrot plants via pro-
toplast transformation. Plant Cell Rep 41:947-960. https://doi.
org/10.1007/s00299-022-02830-9

Nagaya S, Kawamura K, Shinmyo A, Kato K (2010) The HSP ter-
minator of Arabidopsis thaliana increases gene expression in
plant cells. Plant Cell Physiol 51:328-332. https://doi.org/10.
1093/pcp/pep188

Najafi S, Bertini E, D’Inca E, Fasoli M, Zenoni S (2023) DNA-
free genome editing in grapevine using CRISPR/Cas9

ribonucleoprotein complexes followed by protoplast regenera-
tion. Hortic Res 10:uhac240. https://doi.org/10.1093/hr/uhac240

Parajuli S, Huo H, Gmitter FG, Duan Y, Luo F, Deng Z (2022) Edit-
ing the CsDMR6 gene in citrus results in resistance to the bacte-
rial disease citrus canker. Hortic Res 9:uhac082. https://doi.org/
10.1093/hr/uhac082

Paula De Toledo Thomazella D, Brail Q, Dahlbeck D, Staskawicz
B (2016) CRISPR-Cas9 mediated mutagenesis of a DMR6
ortholog in tomato confers broad-spectrum disease resistance.
BioRxiv. https://doi.org/10.1101/064824

Pirrello C, Malacarne G, Moretto M, Lenzi L, Perazzolli M, Zeil-
maker T, Van Den Ackerveken G, Pilati S, Moser C, Giacomelli
L (2022) Grapevine DMR6-1 is a candidate gene for susceptibil-
ity to downy mildew. Biomolecules 12:182. https://doi.org/10.
3390/biom12020182

Poddar S, Tanaka J, Running KLD, Kariyawasam GK, Faris JD,
Friesen TL, Cho M-J, Cate JHD, Staskawicz B (2023) Opti-
mization of highly efficient exogenous-DNA-free Cas9-ribonu-
cleoprotein mediated gene editing in disease susceptibility loci
in wheat (Triticum aestivum L.). Front Plant Sci 13:1084700.
https://doi.org/10.3389/fpls.2022.1084700

Sahoo DK, Sarkar S, Maiti IB, Dey N (2016) Novel Synthetic Pro-
moters from the Cestrum Yellow Leaf Curling Virus. In: Hehl
R (ed) HPlant Synthetic Promoters, Methods in Molecular Biol-
ogy. Springer New York, New York, NY, pp 111-138

Svitashev S, Schwartz C, Lenderts B, Young JK, Mark Cigan A
(2016) Genome editing in maize directed by CRISPR—Cas9
ribonucleoprotein complexes. Nat Commun 7:13274. https://
doi.org/10.1038/ncomms13274

Thomazella DPDT, Seong K, Mackelprang R, Dahlbeck D, Geng Y,
Gill US, Qi T, Pham J, Giuseppe P, Lee CY, Ortega A, Cho M-J,
Hutton SF, Staskawicz B (2021) Loss of function of a DMR6
ortholog in tomato confers broad-spectrum disease resistance.
Proc Natl Acad Sci U S A 118:€2026152118. https://doi.org/10.
1073/pnas.2026152118

Tripathi JN, Ntui VO, Shah T, Tripathi L (2021) CRISPR/Cas9-
mediated editing of DMR6 orthologue in banana (Musa spp.)
confers enhanced resistance to bacterial disease. Plant Biotech-
nol J 19:1291-1293. https://doi.org/10.1111/pbi.13614

Untergasser A, Cutcutache I, Koressaar T, Ye J, Faircloth BC, Remm
M, Rozen SG (2012) Primer3—new capabilities and interfaces.
Nucleic Acids Res 40:el115-e115. https://doi.org/10.1093/nar/
2ks596

Vandeputte W, Coussens G, Aesaert S, Haeghebaert J, Impens L,
Karimi M, Debernardi JM, Pauwels L (2024) Use of GRF-GIF
chimeras and a ternary vector system to improve maize (Zea
mays L.) transformation frequency. Plant J 119:2116-2132.
https://doi.org/10.1111/tpj.16880

Waldron C, Murphy EB, Roberts JL, Gustafson GD, Armour SL,
Malcolm SK (1985) Resistance to hygromycin B. Plant Mol
Biol 5:103-108. https://doi.org/10.1007/BF00020092

Wang K, Shi L, Liang X, Zhao P, Wang W, Liu J, Chang Y, Hiei
Y, Yanagihara C, Du L, Ishida Y, Ye X (2022) The gene
TaWOXS5 overcomes genotype dependency in wheat genetic
transformation. Nat Plants 8:110-117. https://doi.org/10.1038/
s41477-021-01085-8

Yarra R, Krysan PJ (2025) Generation of transgene-free genome-
edited carrot plants using CRISPR/Cas9-RNP complexes. Plant
Cell Rep 44:107. https://doi.org/10.1007/s00299-025-03499-6

Youngstrom C, Wang K, Lee K (2025) Unlocking regeneration
potential: harnessing morphogenic regulators and small pep-
tides for enhanced plant engineering. Plant J 121:e17193.
https://doi.org/10.1111/tpj.17193

Yu L, Yao M, Mao L, Ma T, Nie Y, Ma H, Shao K, An H, Zhao J
(2023) Rice DSP controls stigma, panicle and tiller primordium

@ Springer


https://doi.org/10.3389/fpls.2023.1286663
https://doi.org/10.3389/fpls.2023.1286663
https://doi.org/10.1007/s11627-019-10042-2
https://doi.org/10.1007/s11627-019-10042-2
https://doi.org/10.3389/fgeed.2021.719190
https://doi.org/10.1016/j.cpb.2024.100383
https://doi.org/10.1101/gr.171322.113
https://doi.org/10.1093/nar/gkz365
https://doi.org/10.1038/ncomms14261
https://doi.org/10.1038/ncomms14261
https://doi.org/10.7554/eLife.04766
https://doi.org/10.7554/eLife.04766
https://doi.org/10.1038/s41477-023-01406-z
https://doi.org/10.1038/s41477-023-01406-z
https://doi.org/10.1105/tpc.16.00124
https://doi.org/10.48130/forres-0024-0033
https://doi.org/10.48130/forres-0024-0033
https://doi.org/10.1111/pbi.14098
https://doi.org/10.1111/pbi.14098
https://doi.org/10.1007/s00299-022-02830-9
https://doi.org/10.1007/s00299-022-02830-9
https://doi.org/10.1093/pcp/pcp188
https://doi.org/10.1093/pcp/pcp188
https://doi.org/10.1093/hr/uhac240
https://doi.org/10.1093/hr/uhac082
https://doi.org/10.1093/hr/uhac082
https://doi.org/10.1101/064824
https://doi.org/10.3390/biom12020182
https://doi.org/10.3390/biom12020182
https://doi.org/10.3389/fpls.2022.1084700
https://doi.org/10.1038/ncomms13274
https://doi.org/10.1038/ncomms13274
https://doi.org/10.1073/pnas.2026152118
https://doi.org/10.1073/pnas.2026152118
https://doi.org/10.1111/pbi.13614
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1093/nar/gks596
https://doi.org/10.1111/tpj.16880
https://doi.org/10.1007/BF00020092
https://doi.org/10.1038/s41477-021-01085-8
https://doi.org/10.1038/s41477-021-01085-8
https://doi.org/10.1007/s00299-025-03499-6
https://doi.org/10.1111/tpj.17193

243 Page 20 of 20 Plant Cell Reports (2025) 44:243

initiation. Plant Biotechnol J 21:2358-2373. https://doi.org/10. Publisher's Note Springer Nature remains neutral with regard to

1111/pbi.14137 jurisdictional claims in published maps and institutional affiliations.
Zeilmaker T, Ludwig NR, Elberse J, Seidl MF, Berke L, Van Doorn

A, Schuurink RC, Snel B, Van Den Ackerveken G (2015)
DownNy MILDEW RESISTANT 6 and DMR 6- LIKE OXYGENASE 1 are
partially redundant but distinct suppressors of immunity in
Arabidopsis. Plant J 81:210-222. https://doi.org/10.1111/tpj.
12719

@ Springer


https://doi.org/10.1111/pbi.14137
https://doi.org/10.1111/pbi.14137
https://doi.org/10.1111/tpj.12719
https://doi.org/10.1111/tpj.12719

	Efficient production of gene-edited onion (Allium cepa) plants using biolistic delivery of cas9 RNPs and transient expression constructs
	Abstract
	Key message 
	Abstract 

	Introduction
	Materials and methods
	Plant materials
	Transient editing assay using protoplasts
	Transient editing assay of tissue transfected using biolistics
	Immature embryo extractions
	Selection-free regeneration of edited lines from bombarded immature embryos
	Transient expression of developmental regulator genes in tissue explants
	Transient hygromycin selection
	Restriction enzyme-based assay for gene editing
	Determining genotype of edited onion plants
	Screening for evidence of stable integration of expression constructs in the genomes of edited plants
	Propagation of edited onion lines in soil

	Results
	Identification of an efficient sgRNA for editing the onion DMR6 gene
	Using particle bombardment to deliver Cas9sgRNA RNPs into onion tissue for gene editing
	Screening for Cas9sgRNA1 RNP-induced gene editing in regenerated onion plants
	Expression of developmental regulators to enrich for gene editing in regenerated onion plants
	Using transient hygromycin selection to enrich for gene editing in regenerated onion plants
	Testing transient hygromycin selection using embryogenic callus as the bombarded explant
	Screening for the presence of expression constructs in the edited lines
	Propagation of edited onion lines in soil

	Discussion
	Enrichment for gene editing using transient expression of developmental regulator genes
	Enrichment for gene editing using transient antibiotic expression
	Transient expression of enrichment factors appears to be sufficient to enhance the recovery of edited plants
	Production of homozygous, biallelic, heterozygous, and chimeric lines
	Edited lines recovered in tissue culture often produce clones during the culturing process

	Conclusion
	Acknowledgements 
	References




