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Abstract

Improving gene editing efficiency has been a prominent research focus with the increasing application of CRISPR/Cas9 in crop genetic
enhancement. In this study, we demonstrated that increasing exogenous auxin levels during in vitro tissue culture significantly
enhances gene editing efficiency, leading to a higher frequency of functionally edited Ty plants. While higher auxin levels promoted
callus growth, it also delayed shoot initiation and slightly decreased shoot regeneration. Subsequent RNA-Seq analysis revealed
significant alterations in the expression of plant developmental regulatory genes and chromatin remodeling genes at two plant
regeneration stages. Further analysis using nuclei staining and Transposase-Accessible Chromatin using sequencing showed that
excessive auxin resulted in a more relaxed chromatin structure in callus cells, thus enhancing the genomic DNA accessibility to Cas9.
Additionally, the prolonged growth period of dedifferentiated callus cells and the delay in shoot initiation likely provided additional
time for Cas9 to exert its function, explaining the improved gene editing efficiency due to excessive auxin application. To mitigate the
inhibitory effects of excessive auxin on shoot regeneration, a ‘two-phase’ culture strategy was developed and validated using tomatoes,
in which the explants were first cultured in media containing excessive auxin to promote calli growth and gene editing, then transferred
to the media with lower auxin concentrations to promote the following shoots regeneration. Overall, our research has revealed novel
aspects of auxin function in gene editing, offering new insights and a theoretical basis for future studies. Furthermore, the proposed
culture method could accelerate the application of gene editing across various plant species.

One-sentence summary: A modest increase in auxin concentration during in vitro tissue culture enhances the generation of
functionally edited plants in the Ty generation by increasing chromatin accessibility and slowing process of plant regeneration.

Introduction Despite these significant advancements, the efficacy of gene

The advent of the CRISPR/Cas9 genome editing system and its
variants has revolutionized crop improvementin agriculture [1, 2].
This cutting-edge technology enables precise and diverse genetic
modifications, including targeted editing, base substitutions,
small insertions/deletions, and targeted gene regulation, through
RNA-guided tools, thereby facilitating the development of desired
traits and novel trait combinations, often without the need for for-
eign gene introduction [3]. Consequently, CRISPR genome editing
typically generates non-GMO products with targeted mutations
in annual seeded crops because the transgene can be easily elim-
inated through seed segregation allowing desirable mutations
to be maintained. This approach simplifies regulatory scrutiny,
increases the likelihood of approval success, and enhances
consumer acceptance of gene-edited crop products [4-6].

editing varies considerably across plant species. Some species,
such as Chrysanthemum (Chrysanthemum morifolium), frequently
exhibit chimeric editing events, leading to unstable inheritance
and low gene editing efficiency [7, 8]. Additionally, a considerable
number of gene-edited Ty plants are heterozygous, necessitating
extensive effort to identify nontransgenic homozygous progeny.
This challenge is particularly pronounced in plant species that
are vegetatively propagated and polyploid with complex genetic
backgrounds, where sexual seeds may not be produced or
desirable traits may be lost during seed segregation [9, 10].

Since CRISPR/Cas9 system was initially applied to Arabidopsis
(Arabidopsis thaliana) and tobacco (Nicotiana tabacum L.) in 2013
[11], enhancing gene editing efficiency in plants has been a
focal area of research. Various strategies have been developed
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to increase gene editing efficiency, which can be categorized as
follows: (i) expanding PAM recognition sequences through the
development and modification of Cas9 variants [12]; (ii) optimiz-
ing Cas9 expression using different promoters or using intron-
containing Cas variants. For example, replacing the CaMV35S
promoter with an Arabidopsis UBQ10 promoter quadrupled gene
editing efficiency in Arabidopsis and Medicago truncatula [13]; Addi-
tionally, the inclusion of multiple introns into the Cas9 or Cas12
coding sequence was reported to dramatically improve the editing
efficiency in A. thaliana [14, 15]; (ili) employing multiple gRNAs
to simultaneously edit several homologous genes. For instance,
improved salt tolerance in soybean (Glycine max) was improved
by targeting six GmAITR homologous genes [16]; (iv) delivering
Cas9 and gRNAs into plant reproductive organs efficiently using
nanoparticles or virus-mediated systems to produce gene-edited
seeds [17, 18]; (v) overexpressing developmental regulatory genes
to enhance in vitro plant regeneration during tissue culture,
beneficial for species with poor regeneration capabilities [19];
(vi) injecting wounded plants with A. tumefaciens that carry
developmental regulatory genes (e.g. WUS2/IPT or WUS2/STM)
to induce direct shoot regeneration from the wounded sites as
demonstrated by Maher et al. [20], where pds mutant shoots
were successfully induced from soil-grown tobacco. In summary,
the first three strategies directly improve gene editing efficiency
through engineering CRISPR/Cas9 system, while the last three
indirectly enhance gene editing efficiency by accelerating mutant
acquisition.

Eukaryotic DNA is packaged into complex chromatin struc-
tures within the nucleus, with DNA tightly wound around histone
proteins. During DNA transcription and replication, chromatin
undergoes dynamic structural remodeling, transiently relaxingits
compact configuration to enable interactions with transcription
factors, RNA polymerases, and other regulatory proteins. This
transition of chromatin from a closed to an open state, also known
as chromatin accessibility, is essential for gene regulation [21,
22]. Interestingly, chromatin accessibility has been reported to be
closely associated with gene editing efficiency. For example, het-
erochromatin, characterized by its condensed spatial structure,
restricts chromatin accessibility. Kim, et al. [23] demonstrated
that constitutive heterochromatin reduces CRISPR-Cas9 editing
efficiency in the HEK293T cell line. Similarly, Chari, et al. [24]
found thatinsertions and deletions (indels) generated by CRISPR/-
Cas9 editing occur more frequently in the open chromatin regions
of the human genome. Similar findings have been reported in
rice (Oryza sativa L.) as well [25]. To address these challenges,
strategies have been developed to artificially increase chromatin
accessibility at target sites to improve gene editing efficiency. For
instance, Liu et al. [25] engineered a fusion protein, Cas9-TV, by
fusing Cas9 with a synthetic transcriptional activator. This con-
struct enhanced chromatin accessibility at target loci, resulting in
a higher gene editing efficiency. Moreover, the inclusion of a ‘dead
sgRNA’ (dsgRNA) cassette, which binds to genomic DNA without
causing double-strand break, further enhanced chromatin acces-
sibility near target sites and the editing efficiency of Cas9-TV.

Histone acetylation, which neutralizes the positive charge of
the histone tails and weakens their affinity for DNA, is another
well-documented mechanism for promoting chromatin openness
[26, 27]. Leveraging this principle, researchers have applied dif-
ferent histone deacetylase inhibitors (HDACis) to cultured cells
to increase chromatin accessibility, thereby resulting in varying
degrees of improvement in CRISPR/Cas9 editing efficiency [28-30].
For example, Wang et al. [31] demonstrated that adding 2.5 mM
nicotinamide to culture media increased gene editing efficiency

in hexaploidy wheat to 30.3% in immature embryos and 13.3% in
mature embryos compared to 0% efficiency observed in the con-
trol group without nicotinamide. Despite the significant potential
for increasing chromatin accessibility to improve the gene editing
efficiency, most studies have focused on achieving this through
complex biotechnological designs.

Recent findings demonstrate that auxin signaling modulates
chromatin accessibility through epigenetic mechanisms involving
histone acetylation, histone methylation, and nucleosome
remodeling [32, 33]. Auxin influences the activity of histone
acetyltransferases (HATs) such as GCN5 and histone deacetylases
(HDACs) including HDA®6, thereby regulating transcriptional com-
petence at target loci through dynamic histone acetylation states
[34-36]. Additionally, auxin-responsive transcription factors, par-
ticularly AUX/IAA and ARF proteins, interact with co-repressors
like TOPLESS, which recruit HDACs to establish a repressive
chromatin environment [37, 38]. Beyond acetylation, auxin also
impacts histone methylation through crosstalk with Polycomb
Repressive Complex 2 (PRC2), leading to dynamic regulation of
H3K27me3 during developmental transitions [39-41]. Moreover,
auxin has been shown to promote chromatin remodeling at key
developmental loci, including PLETHORA genes, through histone
acetylation-dependent mechanisms. This remodeling facilitates
the transcriptional activation of downstream auxin biosynthetic
genes such as YUCCA1, establishing a positive feedback loop that
integrates epigenetic regulation with hormonal signaling [40, 42].
Such hormone-driven epigenetic changes contribute to increased
chromatin accessibility at gene loci, including those targeted
in CRISPR/Cas9 genome editing, potentially enhancing editing
efficiency by modulating the chromatin environment.

In our study, we discovered that modestly increasing the con-
centration of auxin during in vitro tissue culture influences chro-
matin accessibility and significantly improves the generation of
functionally edited plants in the Ty generation. Furthermore, we
observed that plant regeneration progress was altered by the
increased auxin concentration in the culture media. Enhanced
callus growth and delayed shoot initiation may offer a longer
time window for the Cas9 activity during the rapid division of
dedifferentiated cells, thereby indirectly improving gene editing
efficiency. Consequently, a significantly greater number of func-
tionally edited plants in the Ty generation, which was a finding
with profound significance for accelerating gene editing breeding
programs. This is particularly valuable for plant species that
reproduce asexually, possess complex genetic backgrounds, or
exhibit polyploidy.

Our conclusions were corroborated by histological examina-
tion, RNA-seq and Assay for Transposase-Accessible
Chromatin using sequencing (ATAC-seq) analyses of explants
cultured in media containing different concentrations of auxin-
naphthaleneacetic acid (NAA). These findings not only open
a new avenue for enhancing gene editing efficiency in plants
by modulating chromatin accessibility but also highlight the
potential of leveraging plant hormones and developmental
processes to optimize gene editing methods and advance the
application of CRISPR technology in crop improvement programs.

Results

Effects of NAA concentrations on plant
regeneration in tobacco

Sterilized tobacco seeds were grown on preculture medium
(MS without hormones and antibiotics). After two weeks, fully
extended cotyledons were excised and used for the subsequent
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Figure 1. Effects of NAA concentrations on the tobacco regeneration. (A) Morphology of explants at 25 days postinoculation (dpi). Shoot regeneration
was observed in the 0.1 mg/L and 0.3 mg/L NAA groups, but not in the 0.5 mg/L and 0.7 mg/L NAA groups. (B) Albino shoots resulting from gene editing
of NbPDS3 at 44 dpi, indicated by the arrows. (C and D) Fully developed shoots observed at 51 dpi, with more pronounced callus formation in the 0.5

and 0.7 mg/L NAA groups. Scale bar=1 cm.

experiment. We then investigated the impact of a range of
NAA concentrations (0.1, 0.3, 0.5, and 0.7 mg/L) in combination
with 2 mg/L 6-benzyladenine (6-BA) on tobacco regeneration
following infection with A. tumefaciens harboring the plasmid for
editing phytoene desaturase 3 (PDS3) (Supplementary Fig. S1).
Our observations revealed that shoot regeneration occurred
significantly earlier on callus and shoot induction media
(MS+2 mg/L 6-BA +100 mg/L kanamycin +100 mg/L Timentin
+ varying concentrations of NAA) supplemented with lower
NAA concentrations. Specifically, shoot regeneration was already
visibly detectable at 25 days postinfection (dpi) in the 0.1 and
0.3 mg/L NAA groups, but no visible albino mutants were
observed. By contrast, large masses of calli formed in the 0.5 and
0.7 mg/L NAA groups, with no visible shoots (Fig. 1A). By 44
dpi, albino shoot initiation was observed across all treatment
groups, as indicated by the red arrows (Fig. 1B). By 51 dpi, most
regenerated shoots were fully developed, and gene-edited shoots
with albino phenotypes were readily noticeable in all groups.
However, callus masses were significantly larger in the 0.5 and
0.7 mg/L NAA groups compared to the 0.1 and 0.3 mg/L NAA
groups (Fig. 1C and D).

Effects of NAA concentrations on gene editing
efficiency in tobacco

To examine and visualize gene editing events, we selected PDS3
gene as our editing target in tobacco, and two gRNAs were selected
to target NbPDS3 as shown in Supplementary Fig. S1. The expres-
sion of PDS is essential for chloroplast development [43], and
its disruption typically causes varying degrees of albinism in
the regenerated shoots during in vitro tissue culture. This albino

phenotype facilitates the investigation of how different NAA con-
centrations affect gene editing efficiency.

Our results suggested that increasing exogenous auxin dur-
ing in vitro regeneration significantly enhanced the frequency of
shoots displaying the albino phenotype, consistent with disrup-
tion of all functional alleles at the targeted locus. In brief, the
0.5 mg/L NAA treatment produced the highest number of albino
mutants (regenerated shoots with complete albino phenotypes),
followed by the 0.3 and 0.1 mg/L NAA groups. No significant
differences were observed in the number of chimeric mutants
among 0.1, 0.3, and 0.5 mg/L NAA groups (Fig. 2A-D). However,
the 0.7 mg/L NAA showed severely inhibited shoot regenera-
tion, resulting in the lowest production of both mutant types
(Fig. 2A-D). Mutant numbers per petri dish were measured at
37,44, and 51 days postinfection (dpi) revealed consistent trends
over time, with the 0.5 mg/L NAA group consistently producing
the most mutants. However, this difference was not statistically
significant relative to the 0.3 mg/L group (Fig. 2C). To further illus-
trate the gene editing outcomes, albino or chimeric shoots from
10 explants per treatment were excised and displayed (Fig. 2A),
and the remaining callus tissues from the same explants were
also arranged for visualization in Fig. 2E. Interestingly, callus size
significantly increased with higher NAA concentrations, except in
the 0.7 mg/L NAA group, where it was slightly smaller than in the
0.5 mg/L NAA group (Fig. 2E and Supplementary Fig. S2).

Editing efficiency was calculated based on the total number of
regenerated shoots and visible mutants (the regenerated shoots
with visible mutant phenotypes including complete albino and
chimera) recorded at 51dpi (Fig. 2D). Despite a reduction in the
number of regenerated shoots, the 0.5 mg/L NAA group achieved
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Figure 2. Effects of NAA concentrations on gene editing efficiency in tobacco. (A) Chimeric (top) or albino shoots (bottom) from explants treated with
different NAA concentrations. (B) Quantitative comparison of mutant shoots per petri dish across different NAA concentrations, showing chimera
(left) and complete albino shoots (right). (C) Quantitative comparison of total mutant shoots per petri dish from different NAA concentrations at 37-,
44- and 51-days postinoculation (dpi). (D) Total number of regenerated shoots and mutant shoots from different NAA concentrations, along with
corresponding efficiencies. Seven replicates petri dish were applied to each NAA concentration (0.1, 0.3, 0.5, and 0.7 mg/L), with each replicate
consisting of 10 explants (cotyledons). (E) The remaining calli from the same explants in (A). Error bars in B and C represent the standard error values,
with significant difference denoted by letters among different groups (ANOVA-LSD, P <0.05), Scale bar=1 cm.

the highest visible mutant efficiency (27.68%), comprising 12.50%
chimeric mutants and 15.18% albino mutants (Fig. 2D). Notably,
the albino mutant efficiency (15.18%) was significantly higher
than other treatment groups, being 2.6 times greater than the
0.7 mg/L NAA group (5.95%), 2.4 times greater than the 0.1 mg/L
NAA group (6.41%), and 1.6 times greater than the 0.3 mg/L NAA
group (9.49%). PCR sequencing confirmed putative gene editing
events by detecting insertions or deletions in selected sequencing
samples, including a total of 25 samples each from the 0.1 and
0.5 mg/L NAA treatments (Supplementary Fig. S3A-D). Interest-
ingly, sequencing results revealed 16 insertions and 10 deletions in
0.1 mg/L NAA treatment, compared to 9 insertions and 18 deletion
eventsin 0.5 mg/L NAA treatment (Supplementary Fig. S3C). Addi-
tionally, two events with large deletions (>20 bp) were detected
in the 0.5 mg/L NAA treatment, but not in the 0.1 mg/L NAA
treatment (Supplementary Fig. S3D). These findings suggest that
higher concentrations of auxin may promote more deletion activ-
ities, particularly large deletions. Further studies are required to
elucidate the mechanisms underlying this observation.

In addition, an experiment was repeated using only a single

Morphological and histological differences in
tobacco callus cells treated with varying
concentrations of NAA

Our observations revealed distinct variations in callus develop-
ment across different NAA concentrations. The smallest calli were
generated in the 0.1 mg/L NAA group, while the largest originated
from 0.5 mg/L NAA group (Fig. 2E and Supplementary Fig. S2).
Consequently, calli from these two groups underwent further
morphological and histological analysis. To eliminate potential
interference from transformation and gene editing processes, we
conducted tobacco tissue culture without Agrobacterium infec-
tion under the 0.1 and 0.5 mg/L NAA treatments. The regener-
ation progress was highly consistent with our previous exper-
iment. At the early stage (25 days of culture), shoot initiation
was observed in a few explants treated with 0.1 mg/L NAA,
whereas no such initiation occurred in the 0.5 mg/L NAA treat-
ment (Supplementary Fig. S5). By the full-grown stage (51 days
of culture), calli from the 0.1 mg/L NAA treatment (Fig. 3A) were
noticeably smaller than those from the 0.5 mg/L NAA treatment

gRNA under 0.1 and 0.5 mg/L NAA treatments (Supplementary Fig. S4A)(Fig. 3B). Importantly, all regenerated shoots appeared healthy and

The results showed that albino mutant efficiency was signifi-
cantly higher in 0.5 mg/L NAA group, reaching 14.04%, which
was 2.7 times higher than the 5.15% observed in the 0.1 mg/L
NAA group. Additionally, the total visible mutant efficiency
(chimeric and albino) increased from 11.34% in 0.1 mg/L NAA
group to 20.34% in 0.5 mg/L NAA group. Notably, the chimera
mutant efficiency remained relatively consistent between the
two treatment groups (Supplementary Fig. S4B and C). These
findings further indicate that higher auxin concentrations appear
to enhance the generation of functionally edited plants in the Ty
generation.

green at this stage (Fig. 3A and B), suggesting that NAA treatment
alone does not induce the albino phenotype.

Additionally, our histological analysis revealed profound cellu-
lar differences. Callus cell in the 0.5 mg/L NAA treatment (Fig. 3D
and G) exhibited irregular arrangements and were approximately
2.5 times larger than those in the 0.1 mg/L NAA treatment (Fig. 3C
and G). Correspondingly, the nuclei of callus cells from 0.5 mg/L
NAA treatment were about 3.1 times larger than those from
0.1 mg/L NAA treatment and showed a relatively faint staining
(Fig. 3F and H). In contrast, the nuclei of callus cells from 0.1 mg/L
NAA treatment were readily stained and distinguishable, despite
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Figure 3. Morphological and histological observation of tobacco callus under 0.1 or 0.5 mg/L NAA treatments. (A and B) Morphological comparison of
explants treated with 0.1 mg/L NAA (A) or 0.5 mg/L NAA (B) treatments after 51 days of culture, with the arrowheads indicating the calli selected for
subsequent resin sectioning. (C) Histological observation of callus cells under 0.1 mg/L NAA treatment. (D) Histological observation of callus cells
under 0.5 mg/L NAA treatment. (E) Amplified details from (C). (F) Amplified details from (D); The arrowheads in (E) and (F) highlight the stained nuclei.
(G) Comparison of callus cell areas between 0.1 and 0.5 mg/L NAA treatments. (H) Comparison of callus nuclear areas between 0.1 and 0.5 mg/L NAA
treatments. The calli used for the microscope observation were carefully excised from explants, ensuring no shoot tissues remained. Scale bar =100
um. Error bars represent the standard error values, with asterisk denoting significant difference between different groups (Student’s t-test, P <0.01).

their much smaller size (Fig. 3E and H). These differences in cell
and nuclei size, as well as staining intensity between 0.1 and
0.5 mg/L NAA treatments, were already detectable in various
tobacco callus regions at the early stage (25 days of culture)
(Supplementary Fig. S6) and became increasingly pronounced as
the culture period extended.

Altered expression of genes related to chromatin
remodeling and plant regeneration in tobacco

calli treated with different concentrations of NAA
To identify the differentially expressed genes (DEGs) responsive to
the higher auxin concentration, RNA-seq analysis was conducted
on tobacco calli cultured with 0.1 and 0.5 mg/L NAA for 25 days
(early stage; Supplementary Fig. S5) and 51 days (fully grown
stage; Fig. 3A and B). Our findings revealed that the higher NAA
(0.5 mg/L) significantly altered the expression of 9102 genes
at the early stage (DEGs with [log2FC|>1 and P-adjust <0.05
were considered to be significantly differentially expressed),
including 4154 significantly up-regulated and 4948 significantly
down-regulated genes compared to the 0.1 mg/L treatment
(Fig. 4A; P-adjust<0.05). At the fully grown stage, 2603 genes were

differentially expressed, including 945 significantly up-regulated
and 1658 significantly down-regulated genes under the 0.5 mg/L
NAA treatment (Fig. 5A; P-adjust<0.05). Gene ontology (GO)
analysis revealed enrichments in terms related to chromosome
structure and chromatin dynamics (Figs 4B and 5B; red triangles).
For instance, histone genes such as H2A.1/X-like, H3.1, and
H4 were significantly downregulated at both stages (Figs 4C
and 5C). Additionally, genes associated with nucleosome assembly
(HMGYA_1, HMG-Y-related protein A) and chromatin condensation
(NCAPD3, condensin-2 complex subunit D3) were also significantly
downregulated, though these effects were limited to the fully
grown stage (Fig. 5C).

Conversely, genes involved in histone modifications, including
demethylation and acetylation, were significantly upregulated
at early stage in the 0.5 mg/L NAA treatment (Fig. 4C). Inter-
estingly, numerous shoot regeneration-related genes, includ-
ing WUSCHELWUSCHEL (WUS)/WUSCHEL-RELATED HOMEOBOX
(WOX), PLETHORA (PLT) and GROWTH-REGULATING FACTOR (GRF),
were significantly downregulated at both stages under the
0.5 mg/L NAA treatment compared to the 0.1 mg/L NAA treatment
(Figs 4D and 5D), while DNA-BINDING ONE FINGER (DOFs) were
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Figure 4. RNA-seq analysis of tobacco calli treated with 0.1 mg/L or 0.5 mg/L NAA for 25 days. (A) Total counts of up-regulated and down-regulated
genes in the RNA-seq comparison. (B) Gene Ontology (GO) analysis highlighting significant enrichments in various category terms, with chromosome
organization highlighted by the triangles and plant regeneration categories indicated by the squares. (C) Heat map of DEGs related to chromosome
organization (Adjusted P <0.05, n=3). (D) Heat map of DEGs related to plant regeneration (Adjusted P <0.05, n=3).

affected only at the early stage. This downregulation of key shoot
regeneration-related genes correlates with the observed delay and
reduction in shoot formation in the 0.5 mg/L NAA treatment com-
pared to the 0.1 mg/L NAA treatment (Figs 1A and 2D). The differ-
entially expressed genes and corresponding gene loci in tobacco
reference genome were shown in Supplementary Table S1.

The effects of NAA concentrations on chromatin
accessibility in tobacco cells

Chromatin accessibility, defined as the physical availability of
genomic DNA to regulatory elements such as transcription fac-
tors, is closely associated with chromosome architecture and

compactness [44]. In our study, more intense nuclear staining
was observed in the tobacco callus cells treated with 0.1 mg/L
NAA compared to those treated with 0.5 mg/L NAA, suggest-
ing chromatin decondensation with increasing NAA concentra-
tion (Fig. 3E and F). This observation aligns with our RNA-seq
results (Figs 4C and 5C), leading us to hypothesize that chro-
matin accessibility is influenced by different concentrations of
NAA. To test this hypothesis, we assessed chromatin accessibil-
ity of tobacco cells treated with 0.1 or 0.5 mg/L NAA for two
weeks using ATAC-Seq. ATAC-Seq identifies accessible chromatin
through sequencing and mapping DNA fragments generated by
Tn5 transposase, which simultaneously cleaves DNA and ligates
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(Adjusted P <0.05, n=3). (D) Heat map of DEGs related to plant regeneration (Adjusted P <0.05, n=3).

sequencing adapters to the open chromatin regions [45]. Our find-
ings confirmed that higher auxin levels (0.5 mg/L NAA) increased
chromatin accessibility in tobacco cells (Fig. 6A). Despite this
increase, the distribution patterns of accessible chromatin regions
were similar between 0.1 and 0.5 mg/L NAA treatments, with
sequencing reads predominantly mapping to intergenic regions,
followed by promoter and intron regions, and least in exon regions
(Fig. 6B). Additionally, the analysis of ATAC-seq signal enrichment
in the target gene NbPDS3 revealed greater chromatin accessi-
bility in the 0.5 mg/L NAA treatment compared to the 0.1 mg/L
NAA treatment as indicated by green double arrowhead lines
(Fig. 6C). Both gRNAs targeted the first exon of NbPDS3, with their
positions marked by black lines in Fig. 6C. Notably, the region
targeted by gRNA2 showed significantly higher chromatin acces-
sibility compared to the region targeted by gRNA1, as indicated

by the strong ATAC-seq signal at the gRNA2 site (Fig. 6C and
Supplementary Fig. S1A). Following the higher auxin treatment,
the read count per million mapped reads reached 0.41 at the
gRNAZ? site, which was much higher than the 0.13 observed at
gRNAT1 site. This difference in chromatin accessibility correlates
with the higher frequency of gene editing events at the gRNA2 site.
Sequencing results of 25 samples each from both 0.1 mg/L and
0.5 mg/L NAA treatments are shown in Supplementary Fig. S3A
and B. In 0.1 mg/L NAA treatment, 19 gene-edited events were
detected at the gRNA? target site, while only 7 gene-edited events
at gRNAT sites; Similarly in 0.5 mg/L NAA treatment, 22 gene-
edited events were detected at the gRNA?2 target site, while only 5
gene-edited events at gRNAT sites.

In addition, genes with significantly different chromatin acces-
sibility (0.5 vs 0.1 mg/L NAA) were used for the GO analysis.
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Figure 6. Effects of auxin on chromatin accessibility in tobacco cells. (A) Analysis of chromatin accessibility distribution using ATAC-seq in tobacco
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The results revealed significant enrichment of genes across var-
lous categories, including auxin-related genes, which were high-
lighted by red frames in Fig. 6D. Additionally, RNA-seq analysis
was conducted on the same batch of explants used for ATAC-
seq, identified 212 genes with transcriptional changes associ-
ated with differentially accessible chromatin regions (Fig. 6E).
While enhanced chromatin accessibility generally correlated with
increased transcription, the correlation coefficient (R?=0.11) was
relatively low (Fig. 6F). A subset of regions exhibited decreased
accessibility but increased transcription, suggesting the complex
regulatory mechanisms governing genes expression.

To further investigate the regulatory mechanisms underlying
auxin-induced transcriptional changes, we performed in silico
transcription factor binding site (TFBS) analysis to explore the
presence and distribution of canonical auxin-responsive cis-
elements within the promoter regions (2 kb upstream) of selected
differentially expressed genes (DEGs) associated with plant
regeneration and chromatin regulation (Supplementary file 1.
RNA-seq align with ATAC-seq). Using PlantCARE and PlantPAN, we
identified five canonical auxin-responsive motifs: TGA-element
(AACGAC), AuxRR-core motif (GGTCCAT), AuxRE-ARF (TGTCTC),
GH3 motif (CATATG), and SAUR motif (CACATG), which are known
binding sites for auxin-responsive transcription factors, including
ARFs and Aux/IAA-interacting partners (Supplementary Fig. S7A).
The number and type of auxin-responsive motifs varied present
in these analyzed genes. For instance, Growth Regulating Factor 1
(GRF1) and a Jumonji-domain—containing histone demethylase (JMJ25)
each harbored three TGA-elements and one AuxRE or SAUR
motif. In contrast, chromatin remodelers like KDM3(LYSINE
DEMETHYLASE 3) and histone acetyltransferase 1 (HAC1) and Growth
Regulating Factor 3 (GRF3) each contained a single TGA-element.
WUSCHEL-RELATED HOMEOBOX 1 (WO0OX1) and DNA-BINDING
ONE FINGER 5.3(DOFS.3), two transcription factors implicated
in organogenesis, displayed a combination of three different
kinds of auxin-responsive motifs, suggesting possible integration
of multiple hormonal signaling pathways at their promoters.
Notably, SET-DOMAIN CONTAINING PROTEIN LYSINE METHYL-
TRANSFERASE 4 (SUVR4), contained the highest density of auxin-
related motifs, including two SAUR, one GH3, one AuxRE, and one
TGA element.

We next integrated these findings with chromatin accessibility
data derived from ATAC-seq to examine whether auxin concen-
tration influenced DNA openness in cis-regulatory regions near
these motifs. This analysis revealed four representative regulatory
genes, WOX1, SUVR4, KDM3, and JMJ25, that exhibited pronounced
changes in chromatin accessibility at regions harboring TGA-
elements, GH3 and/or SAUR motifs (Supplementary Fig. S7B).
Under high NAA treatment (0.5 mg/L), WOX1 and SUVR4
showed reduced chromatin accessibility near their TGA and GH3
motif loci, consistent with their transcriptional downregulation.
In contrast, KDM3 and JMJ25 showed enhanced chromatin
accessibility around both TGA and/or SAUR-containing promoter
regions. Notably, JMJ25 displayed a particularly strong accessibility
gain at the promoter region containing three clustered TGA-
elements. The increased accessibility in both genes aligned with
their upregulated expression in response to elevated auxin levels
(Supplementary Fig. S7B and Supplementary file 1 RNA-seq align
with ATAC-Seq). These results suggest that auxin-responsive TFBS
are functionally associated with chromatin remodeling events
in both developmental and epigenetic regulatory genes. This
integrative analysis further supports our mechanistic model in
which exogenous auxin modulates both transcriptional activity
and chromatin structure to enhance editing efficiency.
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Increased auxin concentration improved gene
editing efficiency in tomato

Our results confirmed that a moderate increase in auxin concen-
tration enhances the generation of functionally edited plants in
the Ty generation on tobacco. To assess the broad applicability
of this method, we applied the same approach to knock out
the SIPDS homologous gene in tomatoes. However, efficient plant
regeneration, a critical prerequisite for successful gene editing,
exhibited less tolerance to variations in auxin application in
tomatoes. Our preliminary experiments revealed that continuous
culture under high levels of auxin resulted in a much lower
tomato shoot regeneration, although callus growth was promoted
as NAA concentrations increased (Supplementary Fig. S8).

To mitigate the inhibitory effects of excessive auxin on shoot
regeneration, we adopted a ‘two-phase’ culturing strategy for
tomato explants. Initially, tomato cotyledons were cultured on
tomato callus induction medium containing a series of NAA
concentrations (50150, 300 pg/L) combined with 2 mg/L Zeatin
(ZT) for the first four weeks to induce the callus growth after
A. tumefaciens inoculation. Then, all healthy explants were trans-
ferred to tomato shoot induction medium consisting of 20 pg/L
NAA and 0.5 mg/L ZT to promote shoot regeneration.

An overview image of plant regeneration after four weeks of
culture on shoot-induction media was shown in Fig. 7A. After
an additional three weeks of culture, mutants from different
groups were recorded, and corresponding gene editing efficien-
cles were calculated. A significantly higher number of mutant
shoots (chimeric and albino) was observed in the 300 pg/L NAA
pretreatment group (Fig. 7B). Representative mutant shoots were
excised from calli for visual display (Fig.7C). Specifically, the
group pretreated with 300 pg/L NAA yielded the highest number
of visible mutants —13 chimeric and 18 albino mutants, com-
pared to 8 chimeric and 13 albino mutants from 150 pg/L NAA
pretreatment group. By contrast, the 50 ug/L NAA pretreatment
group produced the fewest mutants, with only 5 chimeric and
9 albino mutants (Fig. 7C and D). As a result, the highest total
visible gene editing efficiency was recorded at 53.45% in the
300 ug/L NAA pretreatment group, comprising 22.41% chimeric
and 32.14% albino mutants (Fig. 7D). In comparison, the 150 pg/L
NAA group demonstrated a total efficiency of 45.65%, with 17.39%
chimeric and 28.26% albino mutants. The lowest efficiencies were
observed in the 50 ug/L NAA group, with a total of 30.43%, com-
prising 10.87% chimeric and 19.57% albino mutants (Fig. 7D). In
conclusion, the results confirmed that the pretreatment with
higher auxin concentrations during the first four weeks of culture
improved tomato gene editing efficiency without compromis-
ing subsequent shoot regeneration when explants were trans-
ferred to an optimal shoot-induction medium (Fig. 7D). Gene edit-
ing events, including albino or chimeric shoots, were validated
through PCR sequencing, with insertions or deletions detected
in the representative samples (Supplementary Fig. S9). The PCR
primers used for detecting gene-edited events were included in
Supplementary Table S2.

Detection of off-target gene-edited mutations in
tobacco and tomato

To investigate whether higher concentrations of auxin promote
off-target gene editing events, three albino tobacco shoot
samples were collected from each of the 0.1 and 0.5 mg/L NAA
treatments. The three most likely off-target loci, as predicted
by CRISPOR [46], were amplified using the specific primers
(Supplementary Table S3) and analyzed by sequencing. The
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Figure 7. Effects of the pretreatment of explants with different concentrations of NAA on shoot regeneration and homozygous targeted gene editing in
tomatoes. (A) Representation of tomato explants after 4 weeks of culture on shoot-induction media, following an initial four weeks of pretreatment with
varying concentrations of NAA (50, 150, 300 pg/L). (B) Quantitative comparison of mutant shoots per petri dish across different concentrations of NAA
pretreatment groups, including chimera (left) and complete albino shoots (right). (C) Visual comparison of chimera (bottom) and albino shoots (top)
harvested from explants after seven weeks of culture on shoot-induction media, following pretreatment with different NAA concentrations. (D) Total
numbers of regenerated shoots and mutant shoots derived from explants pretreated with different concentrations of NAA, along with corresponding
efficiencies. Three replicates were applied to each treatment with each replicate consisting of 18 explants (cotyledons). Error bars represent

the standard error values, with significant difference denoted by letters among different groups (ANOVA-LSD, P < 0.05). Scale bar=1.5 cm in A and C.

sequencing results showed no detectable off-target mutations
at these loci (Supplementary Fig. S10A and B).

Similarly in tomato, off-target effects were assessed using three
albino shoot samples from 50, 150, and 300 pg/L NAA treatments,
respectively. Sequencing analysis of the three most likely off-
target loci detected no mutations in any of the examined regions
(Supplementary Table S4 and Supplementary Fig. S11A and B).
While these results suggest high targeting specificity under our
experimental conditions, we acknowledge that additional off-
target effects might exist beyond the scope of our current detec-
tion methods.

Detection of the effect of auxin on the Cas9
activity in vitro

To investigate this possibility, we performed an in vitro cleav-
age assay using Cas9 in vitro Cleavage Kit (PC1400, Inovogen
Tech. Co., Beijing, China). The assay utilized a 760-bp positive
control DNA containing a single Cas9 target site and the corre-
sponding sgRNA. After incubation with Cas9, successful cleavage
will generate two fragments of 310 and 450 bp, as shown in
Supplementary Fig. S12A. Our results demonstrated no differ-
ence in Cas9 cleavage activity with or without auxin treatment
for 10, 20, and 30 min (Supplementary Fig. S12A). For quantita-
tive comparison, we measured the DNA band intensities from
10 min cleavage reactions by using Image] [47]. The result showed
no significant difference in the percentage of cleaved products
between control (48.75+1.90%) and the 0.5 mg/L NAA treatment

(49.53+3.26%) (Supplementary Fig. S12B). These results clearly
demonstrate that auxin treatment does not enhance Cas9 cleav-
age activity in vitro.

Discussion

Plant regeneration was governed by the dynamic interplay
between auxin and cytokinin. It is well established that a higher
auxin to cytokinin ratio typically promotes callus formation in
vitro, while lower ratio favors shoot regeneration [48-50]. This
principle aligns with our observations in tobacco and tomato
regeneration, where an elevated auxin to cytokinin ratio by
applying higher NAA without altering cytokinin levels signifi-
cantly enhanced callus size in vitro (Figs 2E and 3B). Our RNA-seq
analysis revealed that increasing NAA concentration from 0.1
to 0.5 mg/L during in vitro culture led to the downregulation of
key genes involved in cell pluripotency at the early callus growth
stage. These genes include WUS/WOX, PLT, DOF, and GRF [51-55].
Interestingly, we also noticed that genes associated with plant
regeneration, particularly those in the GRF family, which encode
plant-specific transcription factors critical for plant development
[56, 57], were predominantly downregulated at the full-grown
stage (Fig. 5D). This finding corroborates previous studies that
highlight the crucial role of GRFs in shoot regeneration [58-60].
Our results suggested that different auxin to cytokinin ratios may
affect shoot regeneration through altering the expression of these
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key developmental genes that govern plant regeneration during
in vitro tissue culture. The reduced expression of these genes at
higher auxin concentration (i.e. 0.5 mg/L NAA) leads to decreased
and delayed tobacco shoot formation compared to a lower one
(i.e. 0.1 mg/L NAA) (Figs 1A and 2D).

Tobacco, renowned for its exceptional plant regeneration capa-
bilities, exhibited resilience to varying concentration of NAA,
showing no significant inhibition in shoot formation until the
NAA concentration reached 0.7 mg/L in our study (Fig. 2D). How-
ever, the optimal phytohormone balance is crucial for successful
plant regeneration across most plant species, particularly for
those with limited regeneration capacity. For example, a com-
bination of 50 pg/L NAA with 2 mg/L ZT is ideal for tomato
shoot regeneration, but an increase to 300 pg/L NAA in media
significantly reduced shoot formation (Supplementary Fig. S8).
Considering the crucial role of plant regeneration in generating
gene-edited plants, we adopted a ‘two-phase’ culture strategy to
mitigate the detrimental effects of excessive auxin on tomato
plant regeneration. Our results suggested that using higher auxin
concentrations during the callus induction phase successfully
enhanced targeted gene editing efficiency without compromising
subsequent shoot regeneration in tomatoes (Fig. 7D).

Auxin, a central regulator of plant development, exerts
concentration-dependent effects on cell division, elongation,
and differentiation, with outcomes further influenced by
developmental stage and species-specific sensitivity [61-63].
While it is true that certain cellular responses—such as callus
proliferation or changes in nuclear architecture—may arise
from treatments with other phytohormones (e.g. cytokinin) due
to convergent effects on cell cycle regulation and chromatin
remodeling [62, 64, 65], the specific combination of morphological
changes and enhanced genome editing efficiency observed in
our study appears to be predominantly driven by exogenous
auxin application in the tobacco system. The induction of a
highly proliferating, undifferentiated callus by a specific auxin
concentration is a well-established prerequisite for successful
genetic manipulation in various plant species, including tobacco
[53]. Therefore, although the effects described here reflect auxin-
specific responses in our tobacco tissue culture, their universality
across hormone classes and diverse plant species remain an
important area for future comparative studies.

In our study, increasing NAA from 0.1 to 0.5 mg/L led to
enlarged cells and nuclei in tobacco calli (Fig. 3G). Interestingly,
nuclei in callus cells treated with 0.1 mg/L NAA displayed
intense staining, whereas those treated with 0.5 mg/L NAA
exhibited fainter staining (Fig. 3C-F). This suggests a relaxation
in chromatin structure at the higher NAA concentration, as
condensed chromatin (heterochromatin) is known to stain more
intensely than less condensed chromatin (euchromatin) [66, 67].
Given that a relaxed chromatin structure is associated with
enhanced chromatin accessibility [68, 69], we hypothesized that
chromatin accessibility was improved in cells treated with higher
NAA concentration. This hypothesis was confirmed by our ATAC-
seq results, which detected a higher density of sequencing reads
in gene body regions in tobacco cells treated with 0.5 mg/L NAA
compared to those treated with 0.1 mg/L NAA (Fig. 6A).

In eukaryotic species, genomic DNA is wrapped around a core
histone octamer to form a nucleosome, which is further folded
into functional genome units called chromatin [70]. Notably,
nucleosomes have been shown to impede Cas9 access to DNA,
yet this obstruction can be mitigated by chromatin remodeling
[71, 72]. Therefore, the observed decrease in the expression of
histone genes, nucleosome assembly related genes and chromatin
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condensation-related genes under 0.5 mg/L NAA treatment
(Figs 4C and 5C) likely contributes to the increased chromatin
accessibility and gene editing efficiency. Additionally, the upregu-
lation of the genes related to histone demethylation/acetylation,
which is known to increase chromatin accessibility by remodeling
chromatin structure [73, 74], was also particularly evident at the
early callus growth stage under 0.5 mg/L NAA treatment (Fig. 4C).
Furthermore, through in silico promoter analysis, we screened
the differentially expressed genes that have been identified for
their roles in regeneration or epigenetic regulation and found
that sixteen genes contained at least one auxin-responsive cis-
element (Supplementary Fig. S7A). Among these, four genes,
WOX1, SUVR4, KDM3, and JMJ25, exhibited notable changes in
chromatin accessibility in the promoter regions surrounding
auxin-responsive cis-elements (Supplementary Fig. S7B). WOX1
is a key developmental transcription factor involved in apical
meristem maintenance, lateral organ formation, and hormone
signaling [75]. SUVR4 functions as a histone methyltransferase,
while KDM3 and JMJ25 are histone demethylases implicated in
chromatin remodeling and transcriptional reprogramming [76-
78]. The observed auxin-associated chromatin accessibility shifts
in these loci further support our hypothesis that exogenous
auxin enhances genome editing efficiency by modulating both
regeneration-related gene expression and chromatin openness
at epigenetic regulators. While these findings strengthen our
mechanistic model, the precise signaling cascade through which
auxin coordinates transcription factor activity and chromatin
remodeling remains to be elucidated. Future studies should
investigate how auxin-responsive elements are functionally
interpreted by specific transcription factors and chromatin
modifiers to establish an editing-permissive cellular state.

A recent study showed that switching explants from a callus
induction media with higher auxin to a shoot induction media
containing higher cytokinin caused dynamic changes in chro-
matin accessibility of different genes at various timing points
[79]. Unlike that study, our comparison focused on the chro-
matin accessibility changes triggered by different concentrations
of auxin at the same timing point. Further investigation may be
needed to explore dynamic changes in chromatin accessibility
under different concentrations of exogenous auxin at various
timing points. In addition to exogenous hormones, chromatin
accessibility can also be significantly affected by environmental
cues. For example, Tian, et al. [80] found that a long day pho-
toperiod can greatly increase chromatin accessibility in vascular
companion cells of A. thaliana. Similarly, Wang et al. [81] found
low temperatures significantly changed chromatin accessibility
across the genome of tea plants. These findings suggested that
plant genomes undergo global changes in response to external
factors.

In this study, we efficiently improved gene editing efficiency
through enhancing the chromatin accessibility by modifying
auxin concentrations during in vitro tissue culture. Similarly, sev-
eral studies have demonstrated that applying histone deacetylase
inhibitors (HDACis) in the culture media can increase chromatin
accessibility, thereby improving plant genetic transformation
and gene editing efficiency [28-30]. In addition to enhancing
spatial accessibility for Cas9 to function, the higher NAA
concentration prolonged the growth duration for dedifferentiated
callus cells and delayed shoot initiation (Fig. 1A). This may
provide an extended timing window for Cas9 to bind and edit
the target gene during the callus growth stage, which could
partly explain the higher incidence of albino editing events in
the 0.5 mg/L NAA group (Fig. 2D and Supplementary Fig. S4C). By
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Figure 8. Schematic diagram illustrating the effects of exogenous auxin application during in vitro tissue culture on generation of functionally edited
plants in the Ty generation. On the left, auxin increases chromatin accessibility within the plant genome, facilitating Cas9 access to DNA and
enhancing editing efficiency. On the right, auxin improves gene editing efficiency by promoting callus growth and delaying shoots initiation, which
provide Cas9 additional time to function effectively in dedifferentiated callus cells before shoots formation.

contrast, chimerism may be caused by uneven editing events
that occur in differentiated cells during shoot initiation and
growth. This finding indicates that achieving uniform editing in
dedifferentiated cells is crucial for producing functionally edited
plants in Ty generation.

In this study, we observed a significantly higher albino muta-
tion efficiency following higher auxin treatment in tobacco. In our
initial experiment using two guide RNAs, we identified 10 albino
mutants out of 156 regenerated shoots (6.41%) in the 0.1 mg/L
NAA treatment group, compared to 17 albino mutants from 112
regenerated shoots (15.18%) in the 0.5 mg/L NAA treatment group
(Fig. 2D). To further confirm our findings, we repeated the experi-
ment using a single gRNA with the same NAA concentrations (0.1
and 0.5 mg/L) (Supplementary Fig. S4A). The results were consis-
tent with our initial findings: the albino mutation efficiency in the
0.5 mg/L NAA group (14.04%) was approximately 2.7 times higher
than in the 0.1 mg/L NAA group (5.15%) (Supplementary Fig. S4B
and C). Therefore, we concluded that higher auxin treatment
significantly enhances the generation of functionally edited
plants in the Ty generation in tobacco. This effect appears to be

independent of the number of gRNAs used in the gene editing
system. While the albino phenotype strongly suggests complete
functional disruption of the PDS3 locus, comprehensive sequenc-
ing analysis would be required to distinguish true homozygous
mutations from compound biallelic or multi-allelic outcomes.
This distinction, while mechanistically interesting, does not
diminish the practical utility of our approach for generating
functionally edited plants in the Ty generation.

We investigated potential off-target effects using Sanger
sequencing and found no off-target events in the predicted
regions. This observation aligns with previous studies that
reported a low frequency of off-target mutagenesis in CRISPR/-
Cas9 applications in plants [82, 83]. However, we acknowledge
that limitations in our detection methods prevented us from
completely ruling out all possible off-target effects. Recent studies
have demonstrated various approaches to enhance CRISPR/Cas9
editing efficiency while maintaining specificity. Liu et al. [28]
found that inhibiting histone deacetylase 1 increased chromatin
accessibility and improved genome editing efficiency in human
cells without detecting off-target events. Similarly, in rice, Liu
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et al. [25] achieved enhanced gene editing efficiency without
increased off-target activity by fusing a synthetic transcription
activation domain and proximal dsgRNAs to Cas9. In contrast,
LeBlanc et al. [47] found that short-time heat stress increased
both on-target and off-target mutagenesis in Arabiposis through
modulating Cas9 activity, although they demonstrated that
two nucleotide substitutions within the gRNAs were sufficient
to prevent off-target mutagenesis. In our study, we observed
that there are more than three mismatches between the on-
target gRNAs and potential off-target sites in both tobacco
and tomato (Supplementary Figs S10A and S11A). This likely
explains why no off-target mutations were detected, even with
the increased mutation efficiency resulting from enhanced
chromatin accessibility (Supplementary Figs S10B and S11B).
These findings emphasize the critical importance of designing
gRNAs with high specificity in CRISPR applications, particularly
when employing strategies to increase mutation efficiency.

The enhanced generation of functionally edited plants in the Ty
generation has significant implications for accelerating breeding
process, especially in polyploid species with long growth cycles.
This improvement is especially valuable when combined with
transgene-free genome editing technology, as it addresses key
challenges in plant species with complex genetic backgrounds
and/or asexual reproduction modes, such as fruit trees. The ability
to generate gene editing events with mutator phenotype in the
Ty generation eliminates the need for advancing heterozygous
mutations through seed segregation, thereby preserving desirable
traits and facilitating the acquisition of transgene-free mutants
[84,85].1tis noteworthy that the effect of auxin on heterozygous or
mosaic mutation efficiency was not assessed in this study. Given
that heterozygous individuals often lack visible phenotypes, espe-
cially in PDS3-edited lines, additional sequencing-based analyses
would be required to address this. While we hypothesize that
these outcomes may also improve under auxin treatment, this
remains to be validated experimentally.

In addition, Higher auxin treatment may not uniformly
enhance chromatin accessibility across all genomic regions. If
target sequences are located in regions where chromatin accessi-
bility is unaffected or negatively impacted by auxin, gene editing
efficlency may not be improved as expected. Therefore, using
multiple gRNAs targeting on different regions could increase the
likelihood of successful editing. The differential enhancement of
different gRNAs in response to varying auxin concentrations may
partly reflect auxin signaling-mediated modulation of chromatin
accessibility at specific genomic loci. Recent studies have shown
that auxin signaling can indeed influence chromatin states, often
in a context-specific manner. For example, the auxin-responsive
transcription factor ARF5 (MONOPTEROS) has been implicated
in modulating nucleosome occupancy at developmental gene
targets, potentially through recruitment of chromatin remodelers
such as BRAHMA from the SWI/SNF complex [86]. In parallel,
Aux/IAA repressors recruit co-repressor complexes such as
TOPLESS (TPL) and associated histone deacetylases (HDACS)
to suppress transcription at auxin-responsive loci [87]. These
findings support the possibility that different components of the
auxin signaling network can differentially modulate chromatin
architecture, with consequences for CRISPR activity that merit
further investigation.

Additionally, it should be acknowledged the limitations of our
findings: (i) the effects of auxin on chromatin accessibility and
regeneration may vary significantly across species and genotypes.
In recalcitrant crops or those with lower developmental plasticity,
such as monocots or perennials, auxin signaling may function
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differently, potentially limiting the direct applicability of findings
derived from a permissive model like tobacco. Further compar-
ative studies are needed to validate this approach across diverse
plant systems. (ii) Our findings are based on stable transformation
systems. In transient (e.g. geminivirus-based) or DNA-free deliv-
ery platforms, Cas9 and gRNA are not constitutively expressed,
thereby narrowing the temporal window for auxin to exert its
full chromatin-modulating effects. As such, the promotive influ-
ence of auxin on editing efficiency may not fully translate to
these systems. (iii) While elevated auxin levels appear to enhance
gene editing efficiency and are associated with increased chro-
matin accessibility at key regulatory genes, the precise mecha-
nism through which auxin signaling influences chromatin states
during tissue culture remains unclear. Future studies will be
necessary to elucidate how auxin-responsive pathways modulate
chromatin dynamics and regeneration competence.

Conclusions

Our study has revealed new aspects of auxin function in affecting
gene editing efficiency in plants as shown in schematic dia-
gram (Fig. 8). First, the higher auxin concentration affects chro-
matin states, enabling Cas9 efficiently access to the genomic DNA
regions with improved chromatin accessibility. On the other hand,
increased auxin concentration promotes calli growth and delays
shoots initiation, providing a longer timing window for Cas9 pro-
tein to exert its function before shoot regeneration, thus enhance
generation of functionally edited plants in the Ty generation.
Based on this model, a ‘two-phase’ culture strategy was developed
to overcome the inhibitory effect of excessive auxin application on
shoot regeneration, which may be used to accelerate the progress
of gene editing breeding in various plant species.

Materials and methods
Tissue culture media

The basal Murashige and Skoog (MS) medium was used for tis-
sue culture, consisting of 4.4 g/L MS salts and vitamins (Phyto
Technology Laboratories, USA), 30 g/L sucrose, and 8 g/L agar.
The pH of the medium was adjusted to 5.8 before autoclaving
at 121°C for 25 min. Stock solutions of hormones were filter-
sterilized and added to the autoclaved medium when it cooled
to 50°C. The following media were used in this study for different
purposes: preculture medium: MS without hormones and antibi-
otics. Tobacco callus and shoot induction medium: MS+2 mg/L
6-BA+100 mg/L kanamycin+100 mg/L Timentin+ varying concen-
trations of NAA (0.1, 0.3, 0.5, and 0.7 mg/L). Tomato callus induc-
tion medium: MS +2 mg/L ZT + 100 mg/L kanamycin+100 mg/L
Timentin+ varying concentrations of NAA (50, 150, 300 ng/L).
Tomato shoot induction medium: MS+ 20 pg/L NAA +0.5 mg/L
ZT+ 100 mg/L kanamycin+100 mg/L Timentin.

Transformation and tissue culture procedure

Seeds of tobacco (N. benthamiana) and tomato (Solanum lycoper-
sicum cv. Alisa Craig) were produced in our lab. Seeds were first
surface-sterilized with 70% ethanol for 90 seconds, followed by
three times of rinsing with deionized H,0O; these seeds were
then treated with 15% bleach for 20 min, and subsequently
washed five times with ddH,0 and placed on MS medium for
germination. Fully extended cotyledons from seedlings were
excised and cut into approximately 0.5 x 0.5 cm? pieces. These
explants were precultured in the dark at 25°C for 2 days prior to
transformation.
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A 20 pl A. tumefaciens stock solution was initially cultured
overnight in 5 ml liquid LB medium (Thermo Scientific, USA) at
28°C, with 180 rpm shaking. Subsequently, 1 ml of this culture
was used to inoculate 10 ml fresh LB medium for a second
round of culture until the O.D.600 reached 0.5. A. tumefaciens
cells were collected by a centrifugation at 4000 g for 15 min
and resuspended in liquid MS (4.4 g/L MS salts and vitamins,
2% sucrose, pH of 5.8) to 0.D.600 of 0.8. Cotyledon explants
were immersed in the A. tumefaciens suspension for 15 min, and
then placed back to the preculture MS medium for two days
in dark conditions at 25°C. Following co-cultivation, all infected
tobacco explants were directly transferred to tobacco callus and
shoot induction medium. The explants were subjected to regular
subculture approximately every 4 weeks for 51 days. Tomato
explants were firstly placed on tomato callus induction medium
for the first four weeks, followed by transferring to tomato shoot
induction medium. All cultures were maintained under a 16 h/8 h
light/dark cycle at 25°C. Callus development and shoot regenera-
tion were photographically recorded.

Vector construction

The gene editing system employed in this study was modified
from the previously reported PHN-SpCas9-4xBsal-GFP vector [88].
The vector contains a plant codon-optimized SpCas9 gene driven
by a parsley ubiquitin promoter and a NPTII gene under the con-
trol of a double-enhanced CsVMV (dCsVMV) promoter. Two guide
RNAs (gRNAs) were designed using the web-based tools CRISPR-
P (http://crisprhzau.edu.cn/CRISPR2/) and CRISPOR (http://
crispor.tefor.net/), which were selected for high predicted editing
efficiency and minimal off-target potential. The gRNA sequences
of CAGCTTATCTTTGGAGCTCGagg/ ACTCCATGGGGCATAAGT-
TAagg for NbPDS3 (Niben101S5cf01283¢02002.1), and TTGGGAACT-
GAAAGTCGAGAtgg/GGCATGCAAAGTCTCTCAGGagg for SIPDS
(NC_015440.3:72003341-72011020) were shown in the
Supplementary Figs S1A and S9A. The selected gRNAs were
synthesized by Gene Universal Inc. (Newark, DE) and cloned into
the PHN-SpCas9-4xBsal-GFP vector at Bsal restriction sites. The
gRNA was expressed under the control of the Arabidopsis AtU6
promoter and fused with a tRNA scaffold [89]. All the plasmid
DNAs were transformed into A. tumefaciens strain EHA105 through
freeze and thaw methods for subsequent plant transformation.

PCR analysis and gene sequencing

Albino tobacco shoots regenerated from the calli cultured with
either 0.1 or 0.5 mg/L NAA were collected for analysis. Genomic
DNA was extracted from leaf tissues using the CTAB method [90].
To detect gene editing events, PCR amplification were performed
with primers for two gRNA target sites using Q5 Hot Start High-
Fidelity DNA polymerase (New England BioLabs, USA) following
the manufacturer’s instructions. The amplified DNA fragments
were separated by electrophoresis on a 1.2% (w/v) agarose gel,
stained with SYBR green (Thermo Scientific, USA) and visualized
using the Omega LumTM Imaging system (Gel Company, USA).
The PCR products were subsequently purified for downstream
analysis. The primers were used for detecting gene editing events
were shown in Supplementary Table S2.

To assess potential off-target mutations, three tobacco albino
shoots from each NAA treatment group (0.1 and 0.5 mg/L) were
selected for PCR sequencing. The most likely off-target loci were
identified using CRISPOR (Supplementary Fig. S10A) [46]. Primers
for these regions were designed for PCR and Sanger sequencing
(Supplementary Table S3). Similarly, in tomato, off-target effects
were analyzed using three albino shoots from each of 50, 150, and

300 ng/L NAA treatments, respectively. The most likely off-target
loci were shown in Supplementary Fig. S11A, and primers were
listed in Supplementary Table S4. The mutation detection analysis
was conducted with Synthego (https://ice.synthego.com/#/).

RNA extraction and RNA-seq analysis

To determine transcript levels of tobacco calli treated with 0.1 or
0.5 mg/L NAA at 25 and 51 dpi, RNA extraction, purification and
library construction were performed with Illumina® Stranded
mRNA Prep, ligation kits according to the manufacturer’s
instructions (Illumina, San Diego, CA, USA). The prepared libraries
were quantified using a Qubit 4.0 fluorometer and sequenced
on the Illumina NovaSeq 6000 platform, with three biological
replicates applied for each treatment. The raw paired end reads
were trimmed and quality controlled by fastp with default
parameters. Clean reads were aligned to reference genome using
HISAT?2 software with orientation mode [91]. The mapped reads
were assembled using StringTie in a reference-based approach.
Differential expressed genes (DEGs) were identified using DESeq?2,
with gene expression levels calculated as transcripts per million
reads (TPM) using RSEM. DEGs with [log2FC|=1 & P-adjust <0.05
were considered to be significantly differentially expressed. GO
analysis was performed by Goatools [92] (github.com/tanghaibao/
GOatools), focusing on DEGs significantly enriched in distinct
GO terms (P-adjust <0.05). The tobacco reference genome
Niben261(solgenomics.net/organism/Nicotiana_benthamiana/
genome) was used for analysis. The RNA-seq data have been
deposited in the NCBI Sequence Read Archive (SRA) database
under the accession code SRP500179, with the BioProject
number PRINA1097301. Detailed RNA-seq results are available
in Supplementary File 1. RNA-Seq 25dpi and RNA-seq 51dpi.

ATAC-Seq experiment

Approximately 80 tobacco explants were harvested after 2 weeks
cultured on media containing either 0.1 or 0.5 mg/L NAA for
nuclei isolation. The ATAC-seq was performed according to the
guidelines of the ATAC-Seq Library Prep Kit for Illumina®. The
paired-end sequencing of prepared DNA libraries was performed
on the Hllumina Novoseq 6000 platform. The clean sequencing
data were aligned to the genome of the Nicotiana_benthamiana
using BWA with default parameters (v0.7.17-r1188) [93]. All reads
within 2 kb upstream and downstream of the transcriptional
start site (TSS) and transcriptional termination site (TTS) were
counted using deepTools (v3.5.12.0) [94]. The peaks and accessible
chromatin region with g-value <0.05 were identified using MACS2
(v2.2.7.1) [95]. The different chromatin accessibility of genes (0.5
vs 0.1 mg/L) with [log2FC|22 & P <0.05 were considered to be
significantly different, which were screened by using Feature-
Counts (v2.0.1) and edgeR (v3.36.0). GO analysis was performed by
Goatools [92] (github.com/tanghaibao/GOatools). The sequencing
data have been deposited at NCBI (Accession number GSE264167),
with detailed results available in Supplementary file 1. ATAC-
seq. Additionally, RNA-seq analysis was performed by using the
same batch of explants to investigate the correlation between
chromatin accessibility and gene transcript levels. These data
have been deposited at NCBI (Accession number GSE280743), with
detailed results available in Supplementary file 1.RNA-seq align
with ATAC-Seq.

Cell and nuclei staining

The cultured calli were sectioned into 5x5 x5 mm pieces and
fixed in a 50% FAA solution. Air was removed using a vacuum
pump to ensure complete immersion and saturation of samples.
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The samples were stored at 4°C overnight, then washed through
a sequential alcohol series (10, 30, 50, 70, 80, 90, and 100%)
for 20 min at each concentration. The dehydrated calli were
immersed in a 1:1 solution of Technovit 7100 and anhydrous
alcohol overnight at room temperature, and then transferred into
pure Technovit 7100 solution containing Hardener I (0.1 g/10 ml)
overnight at 4°C. Samples were then embedded and cast with
Hardener II (0.1 ml/1.5 ml preparation solution) and incubated
in an oven at 42°C for over 2 days. The embedded samples were
sectioned and mounted on slides. After complete drying, slides
were stained with 0.5% toluidine blue (Sigma-Aldrich, USA) for
30 s and rinsed with distilled water. Callus cells and nuclei were
observed under a microscope, and their sizes were measured
using an Image J software after photographing. Statistical analysis
was conducted using Student’s t-test with SPSS (v19.0, 2015, IBM
Corp., Armonk, NY).

In silico TFBS analysis

The 2000 bp upstream promoter sequences of DEGs involved in
plant regeneration and chromatin organization were retrieved
from N. benthamiana genome v2.6.1 (Sol Genomics Network). Pro-
moters were scanned for putative cis regulatory elements using
PlantCARE [96], which annotates experimentally verified and high
confidence predicted motifs without explicit similarity cut offs.
In parallel, promoters were analyzed in PlantPAN 4.0 [97]: TFBS
detection employed the MATCH algorithm with default thresholds
(core similarity = 1.0, matrix similarity =0.75), and co-occurrence
analysis of combinatorial TFBS used a 100-bp distance constraint
along with default support and confidence values. Cis element
distributions across promoters were plotted using TBtools II for
motif mapping and enrichment visualization [98].

Cas9 in vitro cleavage assays

The in vitro cleavage assay was performed using the Cas9 In
Vitro Cleavage Kit according to the manufacturer’s instructions
(PC1400, Inovogen Tech. Co., Beijing, China). Briefly, reaction vol-
umes of 22 ul were prepared by mixing 5 pl of positive control
SpCas9 protein, 5 pl of positive control gRNA, 10 ul of positive
control DNA, and 2 ul of 10x SpCas9 Buffer. The reactions were
incubated at 37°C for 10, 20, and 30 min, respectively. Following
incubation, the reactions were terminated by heating at 85°C
for 10 min, followed by the addition of 5 pl of cleaner and
incubation at 55°C for 5 min. Cleavage products (6 pl) were
loaded onto a 1.5% agarose gel to assess cleavage efficiency.
The intensities of uncut DNA band from the 10-minute cleavage
reactions were quantified using ImageJ [47]. Statistical signifi-
cance was determined by Student’s t-test based on four biological
replicates.

Acknowledgements

We thank Matthew Creech and Chi Nguyen for their invaluable
assistance in purchasing chemicals, maintaining seed stocks, and
managing equipment and facilities.

Funding

This project is sponsored by the USDA-NIFA grant 2019-67013-
29236 and USDA HATCH program FLA-MFC-006387, awarded to
H.H. This work was also supported by the Natural Science Basic
Research Program of Shaanxi (Program No. 2024JC-YBQN-0184)
awarded to Z.L.

Lianetal. | 15

Author contributions

HH, LL, Z L. and GW. conceived and designed experiments;
G.W. performed the tobacco auxin screening and collected gene
editing data in tobacco. TJ. performed analysis in tomatoes. L.Y.,
Z.H.,H.W, and PH contributed to sample collection and histolog-
ical analysis; L.L. conducted bioinformatic analysis and provided
critical suggestion in design and implementation of experiments.
Z.L.and H.H. wrote the manuscripts and H.G. read and revised the
manuscript.

Data availability

The datasets analyzed in this study are publicly available with the
accession numbers PRINA1097301, GSE264167 and GSE280743.

Conflict of interest statement

The authors declare no conflict of interest.

Supplementary data

Supplementary data is available at Horticulture Research online.

References

1. Ahmar S, Usman B, Hensel G. et al. CRISPR enables sustainable
cereal production for a greener future. Trends Plant Sci. 2024;29:
179-95

2. Li B, Sun C, Li]. et al. Targeted genome-modification tools and
their advanced applications in crop breeding. Nat Rev Genet.
2024;25:603-22

3. Gao C. Genome engineering for crop improvement and future
agriculture. Cell. 2021;184:1621-35

4. Chen K, Wang Y, Zhang R. et al. CRISPR/Cas genome editing
and precision plant breeding in agriculture. Annu Rev Plant Biol.
2019;70:667-97

S. Turnbull C, Lillemo M, Hvoslef-Eide TAK. Global regulation of
genetically modified crops amid the gene edited crop boom - a
review. Front Plant Sci. 2021;12:630396

6. Arora L, Narula A. Gene editing and crop improvement using
CRISPR-Cas9 system. Front Plant Sci. 2017;8:1932

7. LiuL,XueY,Luo].etal Developing a UV-visible reporter-assisted
CRISPR/Cas9 gene editing system to alter flowering time in
Chrysanthemum indicum. Plant Biotechnol J. 2023;21:1519-21

8. Kishi-Kaboshi M, Aida R, Sasaki K. Generation of gene-edited
Chrysanthemum morifolium using multicopy transgenes as tar-
gets and markers. Plant Cell Physiol. 2017;58:216-26

9. Son S, Park SR. Challenges facing CRISPR/Cas9-based genome
editing in plants. Front Plant Sci. 2022;13:902413

10. Goralogia GS, Redick TP, Strauss SH. Gene editing in tree and
clonal crops: progress and challenges. In Vitro Cell Dev Biol - Plant.
2021;57:683-99

11. Nekrasov V, Staskawicz B, Weigel D. et al. Targeted mutagenesis
in the model plant Nicotiana benthamiana using Cas9 RNA-guided
endonuclease. Nat Biotechnol. 2013;31:691-3

12. Kleinstiver BP, Prew MS, Tsai SQ. et al. Engineered CRISPR-Cas9
nucleases with altered PAM specificities. Nature. 2015;523:481-5

13. Wolabu TW, Park JJ, Chen M. et al. Improving the genome editing
efficiency of CRISPR/Cas9 in Arabidopsis and Medicago truncat-
ula. Planta. 2020;252:15

14. Schindele P, Merker L, Schreiber T. et al. Enhancing gene editing
and gene targeting efficiencies in Arabidopsis thaliana by using

920z Arenuer 1,0 uo 1sanB Aq £262528/0¥ZIeUN/Z1/Z |L/9191LE 1Y /W0 dNO"D1WapED.//:SA)Y WOy PAPEOjUMOd


https://academic.oup.com/hr/article-lookup/doi/10.1093/hr/uhaf240#supplementary-data

16

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

| Horticulture Research, 2025, 12: uhaf240

an intron-containing version of ttLbCasl12a. Plant Biotechnol J.
2023;21:457-9

Gritzner R, Martin P, Horn C. et al. High-efficiency genome
editing in plants mediated by a Cas9 gene containing multiple
introns. Plant Commun. 2021;2:100135

Wang T, Xun H, Wang W. et al. Mutation of GmAITR genes by
CRISPR/Cas9 genome editing results in enhanced salinity stress
tolerance in soybean. Front Plant Sci. 2021;12:779598

Zhang C, Liu S, Li X. et al. Virus-induced gene editing and its
applications in plants. Int J Mol Sci. 2022;23:10202

Lv Z,Jiang R, Chen J. et al. Nanoparticle-mediated gene transfor-
mation strategies for plant genetic engineering. Plant . 2020;104:
880-91

Yarra R, Krysan PJ. GRF-GIF duo and GRF-GIF-BBM: novel trans-
formation methodologies for enhancing regeneration efficiency
of genome-edited recalcitrant crops. Planta. 2023;257:60

Maher MF, Nasti RA, Vollbrecht M. et al. Plant gene editing
through de novo induction of meristems. Nat Biotechnol. 2020;38:
84-9

Klemm SL, Shipony Z, Greenleaf WJ. Chromatin accessibility and
the regulatory epigenome. Nat Rev Genet. 2019;20:207-20
Maeshima K, Ide S, Hibino K. et al. Liquid-like behavior of chro-
matin. Curr Opin Genet Dev. 2016;37:36-45

Kim S, Yuan JB, Woods WS. et al. Chromatin structure and
context-dependent sequence features control prime editing effi-
ciency. Front Genet. 2023;14:1222112

Chari R, Mali P, Moosburner M. et al. Unraveling CRISPR-
Cas9 genome engineering parameters via a library-on-library
approach. Nat Methods. 2015;12:823-6

Liu G, Yin K, Zhang Q. et al. Modulating chromatin accessibility
by transactivation and targeting proximal dsgRNAs enhances
Cas9 editing efficiency in vivo. Genome Biol. 2019;20:145
Neumann H, Hancock SM, Buning R. et al. A method for geneti-
cally installing site-specific acetylation in recombinant histones
defines the effects of H3 K56 acetylation. Mol Cell. 2009;36:
153-63

Watanabe S, Resch M, Lilyestrom W. et al. Structural characteri-
zation of H3K56Q nucleosomes and nucleosomal arrays. Biochim
Biophys Acta. 2010;1799:480-6

Liu B, Chen S, Rose AL. et al. Inhibition of histone deacetylase
1 (HDAC1) and HDAC2 enhances CRISPR/Cas9 genome editing.
Nucleic Acids Res. 2020:48:517-32

Tiricz H, Nagy B, Ferenc G. et al. Relaxed chromatin induced
by histone deacetylase inhibitors improves the oligonucleotide-
directed gene editing in plant cells. J Plant Res. 2018;131:179-89
Li G, Zhang X, Wang H. et al. Increasing CRISPR/Cas9-
mediated homology-directed DNA repair by histone deacetylase
inhibitors. Int J Biochem Cell Biol. 2020;125:105790

Wang W, Huang P, Dai W. et al. Application of nicotinamide to
culture medium improves the efficiency of genome editing in
Hexaploid wheat. Int ] Mol Sci. 2023;24:4416

Yamamuro C, ZhuJK, Yang Z. Epigenetic modifications and plant
hormone action. Mol Plant. 2016;9:57-70

Jiang K, Guo H, Zhai J. Interplay of phytohormones and epige-
netic regulation: a recipe for plant development and plasticity. J
Integr Plant Biol. 2023;65:381-98

Nguyen CT, Tran GB, Nguyen NH. Homeostasis of histone acety-
lation is critical for auxin signaling and root morphogenesis.
Plant Mol Biol. 2020;103:1-7

Poulios S, Tsilimigka F, Mallioura A. et al. Histone acetyltrans-
ferase GCNS5 affects auxin transport during root growth by
modulating histone acetylation and gene expression of PINs.
Plants (Basel). 2022;11:3572

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Powers SK, Strader LC. Regulation of auxin transcriptional
responses. Dev Dyn. 2020;249:483-95

Krogan NT, Hogan K, Long JA. APETALA2 negatively regulates
multiple floral organ identity genes in Arabidopsis by recruiting
the co-repressor TOPLESS and the histone deacetylase HDA19.
Development. 2012;139:4180-90

Kuhn A, Harborough SR, McLaughlin HM. et al. Direct ETTIN-
auxin interaction controls chromatin states in gynoecium devel-
opment. Elife. 2020;9:e51787

He C, Chen X, Huang H. et al. Reprogramming of H3K27me3 is
critical for acquisition of pluripotency from cultured Arabidop-
sis tissues. PLoS Genet. 2012;8:21002911

Cheng YJ, Wang JW, Ye R. Histone dynamics responding to
internal and external cues underlying plant development. Plant
Physiol. 2024;194:1980-97

Wojcikowska B, Woéjcik AM, Gaj MD. Epigenetic regulation of
auxin-induced somatic embryogenesis in plants. Int ] Mol Sci.
2020;21:2307

Sakamoto Y, Kawamura A, Suzuki T. et al. Transcriptional activa-
tion of auxin biosynthesis drives developmental reprogramming
of differentiated cells. Plant Cell. 2022;34:4348-65

Qin G, Gu H, Ma L. et al. Disruption of phytoene desaturase
gene results in albino and dwarf phenotypes in Arabidopsis by
impairing chlorophyll, carotenoid, and gibberellin biosynthesis.
Cell Res. 2007;17:471-82

Nepon-Sixt BS, Alexandrow MG. DNase I chromatin accessibility
analysis. Bio Protoc. 2019;9:e3444

Buenrostro JD, Wu B, Chang HY. et al. ATAC-seq: a method for
assaying chromatin accessibility genome-wide. Curr Protoc Mol
Biol. 2015;109:21.29.1-9

Concordet JP, Haeussler M. CRISPOR: intuitive guide selection for
CRISPR/Cas9 genome editing experiments and screens. Nucleic
Acids Res. 2018;46:W?242—w245

LeBlanc C, Zhang F, Mendez J. et al. Increased efficiency of tar-
geted mutagenesis by CRISPR/Cas9 in plants using heat stress.
Plant J. 2018;93:377-86

Lian Z, Nguyen CD, Liu L. et al. Application of developmental
regulators to improve in planta or in vitro transformation in
plants. Plant Biotechnol J. 2022;20:1622-35

Long Y, Yang Y, Pan G. et al. New insights into tissue cul-
ture plant-regeneration mechanisms. Front Plant Sci. 2022;13:
926752

Sugimoto K, Temman H, Kadokura S. et al. To regenerate or not to
regenerate: factors that drive plant regeneration. Curr Opin Plant
Biol. 2019;47:138-50

van der Graaff, Laux T, Rensing SA. The WUS homeobox-
containing (WOX) protein family. Genome Biol. 2009;10:248

Park JS, Park KH, Park §J. et al. WUSCHEL controls genotype-
dependent shoot regeneration capacity in potato. Plant Physiol.
2023;193:661-76

Kareem A, Durgaprasad K, Sugimoto K. et al. PLETHORA genes
control regeneration by a two-step mechanism. Curr Biol.
2015;25:1017-30

Debernardi JM, Tricoli DM, Ercoli MF. et al. A GRF-GIF chimeric
protein improves the regeneration efficiency of transgenic
plants. Nat Biotechnol. 2020;38:1274-9

Liu X, Bie XM, Lin X. et al. Uncovering the transcriptional reg-
ulatory network involved in boosting wheat regeneration and
transformation. Nat Plants. 2023:9:908-25

Khisti M, Avuthu T, Yogendra K. et al. Genome-wide identifica-
tion and expression profiling of growth-regulating factor (GRF)
and GRF-interacting factor (GIF) gene families in chickpea and
pigeonpea. Sci Rep. 2024;14:17178

920z Arenuer 1,0 uo 1sanB Aq £262528/0¥ZIeUN/Z1/Z |L/9191LE 1Y /W0 dNO"D1WapED.//:SA)Y WOy PAPEOjUMOd



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Lazzara FE, Rodriguez RE, Palatnik JF. Molecular mechanisms
regulating GROWTH-REGULATING FACTORS activity in plant
growth, development, and environmental responses. J Exp Bot.
2024,75:4360-72

Kong J, Martin-Ortigosa S, Finer J. et al. Overexpression of the
transcription factor GROWTH-REGULATING FACTORS improves
transformation of dicot and monocot species. Front Plant Sci.
2020;11:572319

Luo G, Palmgren M. GRF-GIF chimeras boost plant regeneration.
Trends Plant Sci. 2021;26:201-4

Bull T, Debernardi J, Reeves M. et al. GRF-GIF chimeric proteins
enhance in vitro regeneration and agrobacterium-mediated
transformation efficiencies of lettuce (Lactuca spp.). Plant Cell
Rep. 2023;42:629-43

Du M, Spalding EP, Gray WM. Rapid auxin-mediated cell expan-
sion. Annu Rev Plant Biol. 2020;71:379-402

Perrot-Rechenmann C. Cellular responses to auxin: division ver-
sus expansion. Cold Spring Harb Perspect Biol. 2010;2:a001446
Velasquez SM, Barbez E, Kleine-Vehn J. et al. Auxin and cellular
elongation. Plant Physiol. 2016;170:1206-15

Elhiti M, Stasolla C, Wang A. Molecular regulation of plant
somatic embryogenesis. In Vitro Cell Dev Biol - Plant. 2013;49:
631-42

Ikeuchi M, Favero DS, Sakamoto Y. et al. Molecular mechanisms
of plant regeneration. Annu Rev Plant Biol. 2019;70:377-406
Erenpreisa J, Freivalds T, Selivanova G. Influence of chromatin
condensation on the absorption spectra of nuclei stained with
toluidine blue. Acta Morphol Hung. 1992;40:3-10

Vieytes AL, Cisale HO, Ferrari MR. Relationship between the
nuclear morphology of the sperm of 10 bulls and their fertility.
Vet Rec. 2008;163:625-9

Candela-Ferre J, Diego-Martin B, Pérez-Alemany J. et al. Mind the
gap: epigenetic regulation of chromatin accessibility In plants.
Plant Physiol. 2024;194:1998-2016

Suganuma T, Workman JL. Chromatin balances cell redox and
energy homeostasis. Epigenetics Chromatin. 2023;16:46
Maeshima K, Iida S, Shimazoe MA. et al. Is euchromatin really
open in the cell? Trends Cell Biol. 2024;34:7-17

Horlbeck MA. et al. Nucleosomes impede Cas9 access to DNA in
vivo and in vitro. Elife. 2016;5:€12677

Hinz JM, Laughery MF, Wyrick JJ. Nucleosomes inhibit Cas9
endonuclease activity in vitro. Biochemistry. 2015;54:7063-6

Lim SP, Neilsen P, Kumar R. et al. The application of delivery sys-
tems for DNA methyltransferase inhibitors. BioDrugs. 2011;25:
227-42

Borg M, Papareddy RK, Dombey R. et al. Epigenetic reprogram-
ming rewires transcription during the alternation of generations
in Arabidopsis. Elife. 2021;10:e61894

Bueno N, Cuesta C, Centeno ML. et al. In vitro plant regeneration
in conifers: the role of WOX and KNOX gene families. Genes
(Basel). 2021;12:438

Audonnet L, Shen Y, Zhou DX. JMJ24 antagonizes histone H3K9
demethylase IBM1/JMJ25 function and interacts with RNAi path-
ways for gene silencing. Gene Expr Patterns. 2017;25-26:1-7

Qian S, WangY, Ma H. et al. Expansion and functional divergence
of Jumonji C-containing histone demethylases: significance of
duplications in ancestral angiosperms and vertebrates. Plant
Physiol. 2015;168:1321-37

Veiseth SV, Rahman MA, Yap KL. et al. The SUVR4 histone lysine
methyltransferase binds ubiquitin and converts H3K9mel to
H3K9me3 on transposon chromatin in Arabidopsis. PLoS Genet.
2011,7:€1001325

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Lianetal. | 17

Wu LY, Shang GD, Wang FX. et al. Dynamic chromatin state
profiling reveals regulatory roles of auxin and cytokinin in shoot
regeneration. Dev Cell. 2022;57:526-542.e7

Tian H, Li Y, Wang C. et al. Photoperiod-responsive changes in
chromatin accessibility in phloem companion and epidermis
cells of Arabidopsis leaves. Plant Cell. 2021;33:475-91

Wang P, Jin S, Chen X. et al. Chromatin accessibility and transla-
tional landscapes of tea plants under chilling stress. Hortic Res.
2021;8:96

Peterson BA, Haak DC, Nishimura MT. et al. Genome-wide
assessment of efficlency and specificity in CRISPR/Cas9
mediated multiple site targeting in Arabidopsis. PLoS One.
2016;11:e0162169

Feng Z, Mao Y, Xu N. et al. Multigeneration analysis reveals
the inheritance, specificity, and patterns of CRISPR/Cas-induced
gene modifications in Arabidopsis. Proc Natl Acad Sci USA.
2014;111:4632-7

Ma X, Zhang X, Liu H. et al. Highly efficient DNA-free plant
genome editing using virally delivered CRISPR-Cas9. Nat Plants.
2020;6:773-9

Sun S, Han X, Jin R. et al. Generation of CRISPR-edited birch
plants without DNA integration using agrobacterium-mediated
transformation technology. Plant Sci. 2024;342:112029

Wu MF, Yamaguchi N, Xiao J. et al. Auxin-regulated chromatin
switch directs acquisition of flower primordium founder fate.
Elife. 2015;4:€09269

Wakeel A, Ali],Khan AR. et al. Involvement of histone acetylation
and deacetylation in regulating auxin responses and associated
phenotypic changes in plants. Plant Cell Rep. 2018;37:51-9
Nguyen CD, Li J, Mou B. et al. A case study of using an efficient
CRISPR/Cas9 system to develop variegated lettuce. Vegetable
Research. 2021;1:1-10

Xie K, Minkenberg B, Yang Y. Boosting CRISPR/Cas9 multiplex
editing capability with the endogenous tRNA-processing system.
Proc Natl Acad Sci USA. 2015;112:3570-5

Del Sal, Manfioletti G, Schneider C. The CTAB-DNA precipitation
method: a common mini-scale preparation of template DNA
from phagemids, phages or plasmids suitable for sequencing.
Biotechniques. 1989;7:514-20

Kim D, Langmead B, Salzberg SL. HISAT: a fast spliced aligner
with low memory requirements. Nat Methods. 2015;12:357-60
Klopfenstein DV, Zhang L, Pedersen BS. et al. GOATOOLS: a
python library for gene ontology analyses. Sci Rep. 2018;8:10872
Li H, Durbin R. Fast and accurate long-read alignment
with burrows-wheeler transform. Bioinformatics. 2010;26:
589-95

Ramirez F, Ryan DP, Griining B. et al. deepTools2: a next genera-
tion web server for deep-sequencing data analysis. Nucleic Acids
Res. 2016;44:W160-5

Takata H, Hanafusa T, Mori T. et al. Chromatin compaction
protects genomic DNA from radiation damage. PLoS One.
2013;8:€75622

Lescot M, Déhais P, Thijs G. et al. PlantCARE, a database of plant
cis-acting regulatory elements and a portal to tools for in silico
analysis of promoter sequences. Nucleic Acids Res. 2002;30:325-7
Chow CN, Yang CW, Wu NY. et al. PlantPAN 4.0: updated
database for identifying conserved non-coding sequences and
exploring dynamic transcriptional regulation in plant promot-
ers. Nucleic Acids Res. 2024;52:D1569-d1578

Chen C, Wu Y, Li]J. et al. TBtools-II: a "one for all, all for one"
bioinformatics platform for biological big-data mining. Mol Plant.
2023;16:1733-42

© The Author(s) 2025. Published by Oxford University Press on behalf of the Nanjing Agricultural University. This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited

Horticulture Research, 2025, 12: uhaf240

https://doi org/10.1093/hr/uhaf240

Article

920z Arenuer 1,0 uo 1sanB Aq £262528/0¥ZIeUN/Z1/Z |L/9191LE 1Y /W0 dNO"D1WapED.//:SA)Y WOy PAPEOjUMOd


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/hr/uhaf240

	 Auxin affects gene editing efficiency through regulating chromatin accessibility and plant regeneration process
	Introduction
	Results
	Discussion
	Conclusions
	Materials and methods
	Acknowledgements
	Funding
	Author contributions
	Data availability
	Conflict of interest statement
	Supplementary data


