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Abstract

Plant genetic transformation is a powerful tool for crop improvement and functional genomics, yet many
economically important species remain recalcitrant to current methodologies. To address this limitation,
we screened nine developmental regulatory genes (DRs) and sixteen DR combinations, identifying the
combination of PLETHORAS (PLT5) and GROWTH-REGULATING FACTOR 4/GRF-INTERACTING
FACTOR 1 (GRF4/GIFI) (labeled as PLT5-GRFs combo) as a potent enhancer of regeneration and
transformation efficiency. PLT5-GRFs combination was effective across diverse plant species, including
petunia (Petunia hybrida), tomato (Solanum lycopersicum), lettuce (Lactuca sativa), ornamental eggplant
(Solanum aethiopicum), and recalcitrant species such as chili pepper (Capsicum annuum), begonia
(Begonia semperflorens), bahiagrass (Paspalum notatum Fliigge), and blueberry (Vaccinium
corymbosum). Moreover, it enhanced in planta transformation in Gloxinia (Sinningia speciosa).
Transcriptional profiling revealed that PLT5-GRFs synergistically regulates key pathways in
development, hormone signaling, epigenetic modifications, and cell fate reprogramming. Our findings
establish PLT5-GRF's as a universal tool for plant genetic modification, offering a broadly applicable
platform in plant biotechnology with profound implications for basic research, crop improvement, and

sustainable agriculture.

Introduction

Plant genetic transformation is the foundation of modern plant biotechnology, enabling the introduction
of novel traits unattainable through conventional breeding and facilitating functional genomic studies '.
The advent of CRISPR/Cas technologies has further highlighted the need for efficient transformation
systems, as these tools fundamentally rely on effective delivery of editing reagents into plant cells and the
subsequent regeneration of genetically modified plants 2. Despite decades of methodological advances,
including Agrobacterium- and biolistic-mediated transformation methods *”7, the broad application of
plant transformation remains severely limited in recalcitrant plant species *'°. This recalcitrance to

transformation significantly limits the utility of both conventional transgenics and CRISPR-based
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technologies, particularly in crops with poor regeneration capacity >!!. The strong species and genotype
dependence of existing protocols exacerbates this challenge, necessitating the development of more
universally applicable strategies to improve efficiency across diverse plant taxa, including monocots and
dicots, as well as herbaceous and woody species >!°, Current transformation pipelines are often labor-
intensive, time-consuming, and require sterile environments, specialized facilities, and skilled personnel.
The turnaround time for generating transgenic plants typically ranges from 4 to 12 months for various

16,17

crops "'/, creating substantial barriers to fundamental research and crop improvement through

biotechnology approaches.

Overcoming transformation recalcitrance involves understanding the molecular mechanisms that govern
plant regeneration, a fundamental process underlying successful transformation. Plant regeneration
proceeds through precisely orchestrated phases: wound response and cellular dedifferentiation,
acquisition of pluripotency and establishment of the stem cell niche, formation of the shoot promeristem
and patterning, and finally, shoot regeneration and growth '!?. Each phase requires exquisite
spatiotemporal coordination of gene expression networks controlled by developmental regulators (DRs),
master transcription factors, and signaling proteins that function as molecular switches directing cell fate

transitions 22!,

Recent advances have identified key DR gene families functioning at distinct regeneration phases. During
the wound response and dedifferentiation phase, transcription factors like WOUND INDUCED
DEDIFFERENTIATION [-4 (WIND1-4) integrate stress signals with hormonal pathways to promote
callus formation 22, with WINDI activating dedifferentiation via the ENHANCER OF SHOOT
REGENERATION 1 (ESRI) pathway %. Pluripotency acquisition and establishment involve WUSCHEL-
related homeobox (WOX) genes (WOX5, WOX11/12/13) ***, LATERAL ORGAN BOUNDARIES
DOMAIN factors (LBD16/29) %, and PLETHORA family members (PLT1/2 and PLT3/5/7) ', which
collectively maintain auxin gradients and stem cell competence. Subsequent shoot meristem formation

and patterning phase requires coordinated action of CUP-SHAPED COTYLEDON (CUC1/2) %, SHOOT
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MERISTEMLESS (STM) *°, ESR1/2, and PLT3/5/7 to establish meristem patterning and organ initiation 2'.
WUSCHEL (WUS) activation is pivotal for shoot progenitor formation, fine-tuned by cytokinin signaling
through CLAVATA 3 (CLV3) *°. In the final phase, the WUS-CLV3-STM regulatory module maintains
shoot apical meristem (SAM) organization, ensuring sustained stem cell division and proper meristem
size 3'. Additional major transcription factor families, such as APETALA2/ETHYLENE RESPONSE
FACTOR (AP2/ERF) family and GROWTH-REGULATING FACTOR (GRF) family *2, as well as genes
involved in hormone biosynthesis (e.g., YUCCA (YUC) **, ISOPENTENYLTRANSFERASE (IPT) **, and

LONELY GUY (LOG) *, also contribute significantly across multiple regeneration phases.

Ectopic expression of individual DRs has demonstrated remarkable potential for enhancing regeneration
and transformation in several plant species. For example, overexpressing WUS induces somatic

1136 while

embryogenesis and shoot regeneration in Arabidopsis, tobacco, soybean, cotton, and maize
overexpression of other WOX family members, such as WOX5 and WOX13, promotes root stem cell
identity, adventitious rooting, and shoot regeneration ***. Within the 4P2/ERF family, ESRI enhances
shoot regeneration, while WINDI is critical for dedifferentiation and callus induction . Similarly,
overexpression of PLT3/5/7 enhances shoot competence and regeneration 2’. The GRF4/GIF 1 (labelled as
GRFs) chimeric proteins markedly accelerate and improve regeneration in diverse crops such as wheat,
triticale, rice, tomato, watermelon, strawberry, and more '237-*, Likewise, overexpression of auxin and
cytokinin biosynthesis genes, such as YUC, IPT, and LOG, boosts hormone production, resulting in

improved callus formation, shoot regeneration, and embryogenesis 33,

Despite significant progress from applying single DRs, successful plant regeneration requires coordinated
transitions regulated by multiple transcription factors, hormones, and epigenetic modifications *°. This
suggests that single DRs may not achieve robust and consistent regeneration across different species or
genotypes within the species. While the WUS2-BBM combination has been studied for the synergistic
enhancement of transformation in maize and sorghum *!, its application in dicots has yielded inconsistent

results, frequently causing abnormal development or poor regeneration *2. This highlights the critical need
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for systematic evaluation of DR combinations to identify broadly applicable strategies that can reliably

enhance transformation frequency across diverse plant species.

Here, we present a comprehensive screening of nine key developmental regulators (PLT5, IPT,
GRF4/GIF1, WUS, WIND1, ESRI, BBM, WOX5, WOX13) and sixteen strategic combinations selected
based on their established roles across different regeneration phases. Through systematic evaluation
across multiple plant species, we identify optimal DR pairings that significantly enhance both
regeneration capacity and transformation efficiency. These findings establish broadly applicable strategies
to overcome transformation recalcitrance, thereby expanding access to plant biotechnology tools for crop

improvement and fundamental research.

Results

Comprehensive evaluation of DRs reveals PLT5-GRFs combo enhances

regeneration and transformation in petunia and tomato

To systematically assess the effects of developmental regulators (DRs) on plant regeneration and
transformation, we evaluated nine single DRs and 16 different DR combinations in petunia and tomato

(Fig.1, and Supplementary Figs. 4 and 5).

Individual DRs exhibit limited improvement compared to controls. In petunia, callus induction
efficiency varied minimally among most individual DRs, with PLT5, WIND1, and BBM showing
moderate improvement in callus induction, shoot regeneration and transformation compared to the
pOX135 control (CK) at 2 and 3 weeks post-inoculation (wpi) (Fig. la, b, Supplementary Fig.4, and
Supplementary Table 1), whereas GRF4/GIF1 (labeled as GRFs), ESR1, WOX5, WOX1I3 had only mild
effects impact comparable to the control. (Supplementary Table 1 and Supplementary Fig. 4). Similarly,
in tomato, individual DRs showed modest improvements in transformation frequency at 4 wpi, PLT5
reached 12.29% and ESR/ achieved 19.83%, yet all remained substantially below the performance of DR

combinations except ESR1 (Fig. 1c, d; Supplementary Fig.5, and Supplementary Table 2).
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PLT5-GRFs combo demonstrates superior performance across species. Among all DR combinations
tested, the combination of PLT5 and GRFs (PLT5-GRF's) exhibited the strongest and most consistent
improvements across metrics in both species. In petunia, PLT5-GRF's significantly improved callus
induction efficiency to 72.7% (P < 0.05) at 2 wpi and 84.44% (P < 0.01) at 3 wpi, representing 29.8% and
20.9% increases over controls, respectively (Fig.1a, b, and Supplementary Table 1). Shoot regeneration
was significantly improved using PLT5-GRFs, achieving a 5.4-fold increase at 2 wpi (25.08% vs. 4.6% in
CK) and a 3.3-fold increase at 3 wpi (53.33% vs. 16.35 % in CK) (Supplementary Table 1). Remarkably,
transformation frequency increased 8.9-fold at 2 wpi (41.11% vs. 4.6%) and 3.4-fold at 3 wpi (80.44% vs.

23.71%) (Supplementary Table 1; Supplementary Fig. 4).

In tomatoes, PLT5-GRFs demonstrated superior efficacy across all time points. At 3 wpi, callus induction
efficiency increased 2.6-fold at 3 wpi (68.89% vs. 26.56% in CK) and remained consistently higher
through 5 wpi (73.49% vs. 45.31%) (Supplementary Table 2). Explants transformed with PLT5-GRF's
showed the earliest and most robust shoot primordia development at 3 wpi (Fig. 1¢). This resulted in
progressive increases in shoot regeneration efficiency: 13.27% at 3 wpi, 23.57% at 4 wpi, and 37.96% at

5 wpi, compared to 0%, 4.69%, and 7.81% in controls, respectively (Fig. 1c, d; Supplementary Table 2).

Similar to petunia, the most substantial improvement was observed in tomato transformation frequency.
By 5 wpi, PLT5-GRF's achieved transformation frequencies of 38.86% and 64.21%, representing 8.3- and
5.9-fold increases over controls, respectively, and significantly outperforming all other DR treatments (P

<0.01) (Fig. 1b, Supplementary Table 2).

Several other two-gene combinations demonstrated significant improvements over the control but
remained inferior to PLT5-GRFs. In tomato at 5 wpi, PLT5-1PT achieved 34.83%, PLT5-WUS reached
29.58%, and PLT5-ESRI attained 42.31% transformation frequency, all significantly improved relative to
the controls (P < 0.05 or P <0.01), but still substantially lower than PLT5-GRF's (64.21%)

(Supplementary Fig. 5; Supplementary Table 2).
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Adding a third regulator (e.g. WUS, IPT, ESRI, WOX5, or WOX13) to PLT5-GRFs did not yield additive
improvements in either species. Triple DR combinations showed callus induction, shoot regeneration, and
transformation similar to, or even lower than the PLT5-GRFs combination across all timepoints
(Supplementary Tables 1 and 2; Fig. 1b, d; Supplementary Fig. 4 and 5). For example, in tomato, PLT5-
GRFs-WOXI13 achieved only 22.44% at 5 wpi, substantially lower than PLT5-GRFs (64.21%) (Fig. 1b;
Supplementary Table 2). The quantitative findings are further supported by visual phenotypes, which
showed earlier primordium formation, greater shoot density, and enhanced explant greening on PLT5-

GRFs culture plates compared to all other treatments across time points (Supplementary Fig. 5).

PLT5-GRFs combo enhances regeneration and transformation in recalcitrant chili
pepper

The efficacy of PLT5-GRFs was then evaluated for overcoming the recalcitrance of chili pepper
(Capsicum annuum), which is a well-documented problem “*(Fig. 2; Supplementary Fig. 6;
Supplementary Table 3). Among all evaluated DRs, PLT5-GRF’s exhibited the highest regeneration and
transformation performance across timepoints. At 3 wpi, shoot induction efficiency achieved 19.46%
shoot induction efficiency and 21.52% transformation frequency, both significantly higher than the
control (0% for both metrics) (Supplementary Fig. 6; Supplementary Table 3). By 4 wpi, these
improvements became more pronounced, with shoot induction efficiency reaching 36.49% and
transformation frequency rising to 56.09%, substantially exceeding those of all other treatments (Fig. 2c-
e, Supplementary Table 3). Visual assessment aligned with the quantitative assessments. At 10 days post-
inoculation (dpi), PLT5-GRFs explants developed robust calli with early shoot primordia formation,
while control explants only exhibited minimal callus development (Fig. 2a, b). By 30 dpi, regenerated
shoots from PLT5-GRFs displayed strong fluorescent signal, supported by strong transgene expression
during organogenesis in PLT5-GRF's explants at 3 wpi (Fig. 2f) and confirmed with PCR genotyping (Fig.

2h), indicating successful transformation, whereas CK explants remained largely unregenerated. At 60
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dpi, PLT5-GRF’s produced well-developed, healthy shoots, while CK explants showed minimal shoot
development (Fig. 2c, d). In line with these, more than one third (36.49%) of PLT5-GRF's explants
developed visible shoot primordia with strong GFP fluorescent signals at 4 wpi (Fig. 2e, Supplementary

Fig. 6, Supplementary Fig. 7a),

Comparative analysis across all treatments revealed that several other DR combinations demonstrated
modest improvements but remained substantially inferior to PLT5-GRFs (Supplementary Fig. 6;
Supplementary Table 3). Individual explant images showed that while some treatments, like PLT5-IPT
and PLT5-GRFs-WOX13, induced callus formation, their regeneration capacity was markedly lower than
that of PLT5-GRFs. At 2-, 3-, and 4- wpi, PLT5-GRFs explants consistently exhibited the largest, most
robust calli with visible shoot primordia. At the same time, other treatments showed smaller, less
organized callus structures or minimal regeneration (Supplementary Fig. 6). Quantitatively, the triple
combination PLT5-GRFs-WOXI3 achieved 23.17% shoot induction and 31.04 % transformation
frequency at 4 wpi (Supplementary Table 3). In comparison, PLT5-IPT reached 13.46% shoot
regeneration and 28.85% transformation frequency. In contrast, other PLT5-based combinations,
including PLT5-WIND1, PLT5-WUS, PLT5-ESR1, PLT5-WOX5, PLT5-WOX13, and PLT5-BBM, were
significantly less effective, with transformation efficiencies ranging from 7.85% to11.54% at 4 wpi.
Individual DRs (PLT5, GRFs, IPT) yielded only marginal activity, with transformation efficiencies below

6%, while the control explants were almost entirely recalcitrant (1.92 %) (Supplementary Table 3).

Phenotypic analysis of PLT5-GRF’s transgenic chili plants further demonstrated the impact of this
treatment combination (Supplementary Fig. 7). In the To generation, transformed plants displayed
enhanced visible vegetative vigor, including larger leaves, flowers, and seeds, as well as increased seed
size compared with wild-type controls (Supplementary Fig. 7b—d). These traits were stably transmitted to
the T: generation, which maintained robust growth and normal fertility (Supplementary Fig. 7d).
Transgene presence and inheritance were validated by strong GFP fluorescence in multiple tissues,

particularly in seeds, and by PCR genotyping in T: plants (Fig. 2h; Supplementary Fig. 7c). Quantitative
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measurements confirmed a significant increase in plant height in PLT5-GRFs lines (Supplementary Fig.

7e).

Overall, these results establish PLT5-GRF's as the most effective regulator module for chili pepper,
achieving transformation efficiencies of over 50% (vs. <1.92% for CK; Supplementary Table 3),
successfully overcoming the recalcitrance barrier, and enabling the production of stable and fertile

transgenic lines, and offering a powerful tool for both functional genomics and crop improvement in chili.

Transcriptional profiling reveals the synergistic effect of PLT5 and GRF's on plant

regeneration and transformation

To elucidate the molecular basis for the enhanced regeneration capacity conferred by co-overexpression
of PLT5 and GRFs (PLT5-GRF’s), we performed RNA sequencing on chili pepper explants at 1- and 3-
wpi transformed with either an empty vector control (CK) PLT5 alone (P), GRF’s alone (G), or the

combination PLT5-GRFs (PG) expression constructs (Fig. 3a; Supplementary Fig. 8).

Time-course differential expression analysis revealed distinct patterns across treatments, with PG explants
undergoing the most extensive transcriptional reprogramming (Fig. 3b). At 1 wpi, PG treatment resulted
in 2,847 upregulated and 1,653 downregulated genes, substantially more than CK, P, or G treatments
alone (Fig. 3b, Supplementary Fig. 8). Among the top 10 most significantly regulated genes, PG
treatment consistently induced the highest fold-changes in key regeneration-associated factors (Fig. 3c).
On the other hand, individual treatments showed more modest effects: P treatment alone activated fewer
developmental genes compared to PG, while G treatment showed intermediate responses. Notably, the
combination effect was non-additive, suggesting synergistic rather than cumulative gene regulation (Fig.

3, Supplementary Fig. 8).

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed that DEGs in
PG were significantly enriched in pathways critical for regeneration, including plant hormone signal

transduction, DNA replication, cell cycle regulation, and chromatin organization (Fig. 3d) Cross-species
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validation using homolog analyses in Arabidopsis, tobacco, and tomato confirmed the conservation of

these enriched pathways, reinforcing the broad applicability of our findings (Supplementary Fig. 8a—c).

Hierarchical clustering and heatmap analyses revealed distinct expression patterns across treatments (CK,
P, G, PG) and time points for key regulatory modules (Fig. 3e-j; Supplementary Fig. 8d-1). Treatment
comparison showed that PG induced the most pronounced and sustained upregulation of developmental
regulators essential for meristem establishment and shoot regeneration, including WOX5, SHOOT
MERISTEMLESS (STM), and CUP-SHAPED COTYLEDON 1 (CUCI), with expression levels
significantly higher than did P or G alone (Fig. 3e; Supplementary Fig. 8d). CK treatment showed
minimal activation of these genes, while P treatment showed moderate induction and G treatment showed

weak responses.

Hormone pathway analysis revealed differential responses among treatments (Fig. 3f, g; Supplementary
Fig. 8e, f). PG treatment triggered comprehensive activation of both auxin and cytokinin signaling
networks, with cytokinin biosynthesis (/P7) and response genes (ARABIDOPSIS RESPONSE
REGULATORS, ARRs) showing markedly higher expression in PG compared to individual treatments
(Fig. 31, g, Supplementary Fig. 8e, f). Similarly, auxin biosynthesis (YUCCA) and transport genes (PIN,
AUXI) were most strongly activated in PG, moderately in P, weakly in G, and minimally in CK
treatments. This hierarchical response pattern (PG > P > G > CK) was consistent across multiple

hormone-related pathways (Fig. 3e—f; Supplementary Fig. 8e-f).

Comparative analysis of epigenetic regulatory pathways revealed treatment-specific activation patterns
(Fig. 3h—j; Supplementary Fig. 8g—1). PG treatment uniquely induced strong upregulation of chromatin
remodeling genes, including SWITCH 3 (SW13) and FASCIATA 1 (FASI), with expression levels
substantially higher than CK and elevated compared to P or G alone (Fig. 3h; Supplementary Fig. 8h).
Histone modification enzymes showed similar patterns: HISTONE DEACETYLASE 6 (HDA6)) and
histone modifications (SET DOMAIN GROUP 8 (SDG8), HISTONE METHYLTRANSFERASE 1 (HMTTI)

were most strongly activated in PG, moderately in P, and weakly in G treatments (Fig. 3h-j;

11
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Supplementary Fig. 8g—1). Small RNA processing and DNA modification pathways also showed the
strongest activation in PG treatment (Fig. 31, j; Supplementary Fig. 8i-1). Genes involved in Polycomb
Repressive Complex (PRC) interactions and small RNA silencing exhibited the hierarchy PG >P > G >
CK, suggesting that the combination treatment creates optimal conditions for comprehensive epigenetic

reprogramming necessary for cell fate transitions.

The transcriptional profiling data demonstrate that PLT5 and GRF’s function synergistically rather than
additively. While individual treatments (P or G) produced modest transcriptional changes, their
combination (PQG) triggered robust activation of developmental, hormonal, and epigenetic regulatory
networks, providing a molecular basis for the superior regeneration efficiency observed with PLT5-GRF's

treatment.

PLT5-GRFs demonstrates broad-spectrum effectiveness across plant species

To evaluate the versatility of PLT5-GRF's, we tested its efficacy in multiple plant species representing
different taxonomic groups, including Begonia semperflorens, ornamental eggplant (Solanum
aethiopicum), lettuce (Lactuca sativa), blueberry (Vaccinium corymbosum), and bahiagrass (Paspalum
notatum, Fliigge). These species encompass ornamentals, leafy vegetables, woody plants, and monocots,

each presenting unique challenges in genetic transformation.

In begonia, PLT5-GRF's in combination with the visible marker ROSEAI (an anthocyanin production
regulator) (PG+RO) significantly enhanced shoot regeneration and transformation frequency compared to
ROSEA1I alone (RO). At 20 dpi, PG+RO explants exhibited accelerated callus formation with enhanced
GFP fluorescence and red anthocyanin pigmentation, while RO-only explants showed weak fluorescence
and minimal pigmentation (Supplementary Fig. 9a,b). By 40 dpi, the difference became more
pronounced, with PG+RO explants displaying intense red pigmentation and strong GFP expression
compared to RO controls (Supplementary Fig. 9a,b). At 50 dpi, PG+RO treatment produced significantly

more shoots with stronger red coloration and enhanced callus development, whereas RO-only explants

12
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showed limited shoot formation with weak pigmentation (Fig. 4a-d). The enhanced regeneration capacity
was clearly evident in culture plates, where PG+RO explants showed substantially higher shoot numbers

and more robust development than RO controls (Fig. 4c,d).

At the whole-plant level by 120 dpi, PG+RO-transformed plants displayed vigorous growth with stable
red pigmentation distributed throughout leaves, stems, and roots, accompanied by strong GFP expression
in both aerial and root tissues under UV illumination (Fig. 4f; Supplementary Fig. 9d). In contrast, wild-
type plants exhibited normal green morphology with no visible pigmentation and complete absence of
GFP fluorescence (Fig. 4e; Supplementary Fig. 9¢). Extended cultivation to 150 dpi confirmed that
PG+RO-transformed plants maintained enhanced anthocyanin production and vigorous growth compared
to wild-type plants (Supplementary Fig. 9¢,f). Quantitative analysis revealed statistically significant
improvements (P < 0.001) in both callus induction and transformation frequency, with PG+RO achieving
a transformation frequency of over 85% compared to less than 10% for the RO-only controls (Fig. 4g, h).
These results demonstrate that PLT5-GRFs not only enhance early-stage regeneration but also support

stable transgene expression and normal plant development throughout the life cycle.

Similarly, in ornamental eggplant (Solanum aethiopicum), PLT5-GRFs (PG) treatment significantly
improved transformation outcomes (Supplementary Fig. 10). PG-transformed explants developed larger
and more compact calli, with early shoot primordia formation by 14 dpi, contrasting sharply with control
(CK) explants showing minimal callus development (Supplementary Fig. 10a,b). By 28 dpi, PG explants
exhibited distinct shoot primordia emerging from calli, in contrast to CK explants, which displayed
minimal or no shoot formation (Supplementary Fig. 10a,b). By 42 dpi, PG-treated explants exhibited
higher shoot regeneration frequency and more developed shoots, compared to CK explants
(Supplementary Fig. 10c,d). Transformation frequency in PG explants exceeded 75%, compared with less
than 40% in CK at both 2- and 3-wpi (Supplementary Fig. 10g,h), with PCR confirmation of transgene

integration (Supplementary Fig. 10i).
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In lettuce, PLT5-GRF's significantly enhanced regeneration and transformation frequency, as evidenced
by accelerated shoot emergence and higher transformation rates compared to the RUBY-only control
(RU) (Supplementary Fig. 11). By 21 dpi, PG+RU explants exhibited early shoot development from
callus with red betalain pigmentation, whereas shoot development was much slower from RU-only
explants, and no pigmentation was observed from their callus. By 28 dpi, the disparity between treatments
was more pronounced, with PG+RU explants displaying significantly larger, healthier shoots with intense
red pigmentation and strong GFP expression, while control explants continued to show minimal
regeneration of smaller shoots (Supplementary Fig. 11a, b). Complete plantlets with roots developed from
callus with distinct red pigmentation by 35 dpi, while RU explants continued to show minimal
regeneration with smaller shoots (Supplementary Fig. 11¢, d). By 90 and 120 dpi, fully regenerated
PG+RU plants exhibited vigorous growth with stable red pigmentation throughout leaves, stems, and
flowers, along with strong GFP fluorescence, confirming successful transgene integration and expression
(Supplementary Fig. 11e, f). In contrast, RU plants exhibited normal green phenotypes with minimal
detectable pigmentation in both vegetative and reproductive tissues (Supplementary Fig. 11e, f).
Quantitative analysis confirmed that explants transformed with PLT5-GRFs-RUBY (PG+RU) exhibited a
45.4% higher shoot regeneration frequency and a 53.8% higher transformation frequency compared to the

RU control (Supplementary Fig. 11g).

Blueberry is a woody species traditionally recalcitrant to transformation. We observed that PLT5-GRFs
markedly overcame blueberry transformation barriers (Fig. 5 and Supplementary Fig. 12). The PG+RO-
transformed explants exhibited strong GFP fluorescence and distinctive red anthocyanin pigmentation as
early as 28 dpi, neither of which was observed in the pOX135 control (CK) (Supplementary Fig. 12a),
and this phenotype intensified throughout development up to 70 dpi (Fig. 5b, d, f, h and Supplementary
Fig. 12c-e). In contrast, explants transformed with only ROSEA1 (RO-only) displayed minimal
pigmentation and no detectable GFP signal (Fig. 5a, c, e, g). By 56 dpi, PG+RO-transformed tissues

demonstrated substantially enhanced shoot regeneration compared with RO controls (Fig. 5c, d).
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Quantitative analyses revealed that the transformation frequency was significantly higher (P < 0.01) in the
PG+RO group (Fig. 5j), nearly doubling from approximately 12.1% to 22.7%, while the regeneration
frequency was also significantly increased in the PG+RO treatment (Fig. Sc-d, i and Supplementary Fig.
12f-h). The successful integration of the transgene was confirmed by PCR detection of GFP (450 bp) and
ROSEAT (630bp) in two independent TO transgenic lines from the PG+RO treatment (Fig. 5k,
Supplementary Fig. 12i-j). Genotyping showed that 2 out of 5 regenerated seedlings (40.0%) were
transgenic in the RO treatment, and 8 out of 12 (66.7%) were transgenic in the PG+RO treatment, using
both methods. These results demonstrate that the PLT5-GRFs combination effectively overcomes
transformation recalcitrance, even in woody species, while the ROSEAT1 visual marker facilitates the

identification of successfully transformed tissues throughout the regeneration process.

The effectiveness of PLT5-GRFs extended to monocots, as demonstrated in bahiagrass (Paspalum
notatum Fliigge) transformation. Young leaf explants transformed with PLT5-GRFs produced larger and
more compact calli with strong GFP fluorescence (Fig. 6b,d), while control treatments (CK) yielded
smaller, loosely organized calli with weak or no GFP signal (Supplementary Fig. 6a, ¢). At 42 dpi, PG
treatment resulted in significantly more regenerated shoots with enhanced growth and development (Fig.
6e, f). By 60 dpi, PG-derived plantlets displayed more vigorous growth and increased biomass
accumulation compared to CK plantlets (Fig. 6g, h). Mature transgenic plants derived from PG treatment
displayed striking differences in tiller number and overall plant architecture (Fig. 61, j). Quantitative
analysis revealed a significant increase in transformation frequency, expressed as the number of

regenerated shoots per explant (Fig. 6k), with PCR confirmation of GFP transgene integration (Fig. 61).

PLT5-GRFs enhances in planta genetic transformation in Gloxinia

To further demonstrate the versatility of PLT5-GRFs beyond conventional tissue culture-based
transformation, we developed an efficient in planta transformation method for Sinningia speciosa
(gloxinia) (Fig. 7). We employed a leaf-based vacuum infiltration approach where mature leaves from
established plants were mechanically wounded and immersed in Agrobacterium suspension containing
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either RUBY alone (RU) or PLT5-GRFs-RUBY (PG+RU) constructs (Fig. 7a). Following vacuum
infiltration, leaves were cultivated with petioles embedded in vermiculite to promote regeneration at

wound sites.

At 30 dpi, both RU and PG+RU treatments showed initial callus and shoot formation at wound sites, but
PG+RU treatment induced multiple transformation events per leaf, with emerging buds displaying strong
red pigmentation (Fig. 7b). By 45 dpi, this trend became more evident, with enhanced shoot development
and more intense red coloration in PG+RU treatment compared to RU controls (Fig. 7b). PG+RU-
transformed leaves consistently exhibited strong GFP fluorescence under UV illumination, providing a
secondary confirmation of transformation success (Fig. 7¢). However, chimeric buds with both pink and
green sectors were observed, suggesting independent transformation events in the absence of selection

pressure (Fig. 7b, c).

Remarkably, the regeneration efficiency was significantly higher (P < 0.05) in PG+RU treatments than in
RU controls, with a nearly 1.5-fold increase (Fig. 7d, left). More strikingly, the transformation frequency
increased by approximately 4-fold in PG+RU treatments (P < 0.01), rising from ~5% to ~20% (Fig. 7d,
right). The stable integration of transgenes in regenerated shoots was confirmed by PCR detection of the

GFP gene (450 bp) in multiple independent TO transformants (Fig. 7e).

This streamlined in planta transformation approach, combining vacuum infiltration with PLT5-GRFs,
demonstrates significant potential for enhancing transformation frequency without the labor-intensive
requirements of traditional tissue culture methods. The combination of PLT5-GRFs facilitates de novo
shoot regeneration from mature tissues while enabling visual tracking through compatible marker
systems. This approach expands the utility of PLT5-GRFs beyond conventional tissue culture methods,
offering a streamlined path for genetic modification in species where traditional transformation methods

may be challenging.

Discussion
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Plant genetic transformation remains a fundamental bottleneck in functional genomics and crop
improvement, with many economically important species exhibiting recalcitrant behavior that limits the
application of modern biotechnological tools -3, Despite decades of optimization in tissue culture
conditions and Agrobacterium-mediated protocols, transformation methods available today have
remained largely unchanged since the 1990s, necessitating innovative approaches to overcome species-
and genotype-dependent limitations **°. In this study, we systematically screened nine developmental
regulators (DRs) and their combinations to identify the most effective factors for enhancing regeneration
and transformation across diverse plant species, with a particular focus on the transformation-resistant

chili pepper.

Our systematic screening identified the PLT5-GRFs combination as a robust solution for overcoming
transformation recalcitrance. It significantly improved callus induction, shoot regeneration, and
transformation frequency compared to the control and other tested DRs. The synergistic effect of PLT5
and GRF4/GIFI on regeneration and transformation may be attributed to their complementary roles in
cell fate reprogramming and coordinated regulation of key developmental processes (Fig. 1; Fig. 3, Fig.
8). PLT5 functions as a master regulator to establish pluripotency and initiate shoot regeneration by
upregulating stem cell regulators and interacting with patterning factors 332, while GRF4/GIFI promotes
cell proliferation and growth through the activation of cell cycle genes and expansins >33 (Fig. 8a, b).
Notably, both PLT5 and GRF'4 are highly conserved across plant species (Fig. 8b), which likely underlies
the broad applicability of this combination across diverse genetic backgrounds. This synergistic
interaction explains why PLT5-GRFs with additional regulators did not provide an additive benefit, as

this module already optimally balances the key regulatory networks required for efficient regeneration.

Transcriptomic analysis in chili pepper revealed the molecular mechanisms underlying PLT5-GRFs
enhanced regeneration. The PLT5-GRF's treatment triggers a coordinated multi-network response
involving developmental, hormonal, and epigenetic regulatory pathways (Fig. 3e-j, Fig. 8c;

Supplementary Fig. 8d-i). The non-additive gene expression patterns observed with the combination
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treatment demonstrate true synergy rather than simple cumulative effects. This comprehensive
transcriptional reprogramming involves three key mechanisms (Fig. 8). 1) Developmental Network
Activation: PLT5-GRF’s upregulated critical meristem regulators, including WOX5, STM, and CUCI,
establishing the transcriptional framework necessary for shoot regeneration. This finding corroborates
recent evidence that developmental regulators can overcome transformation recalcitrance by promoting
cellular differentiation in species previously considered intractable ''-*°, 2) Hormonal Pathway
Coordination: The combination treatment simultaneously activated both auxin and cytokinin signaling
networks, creating an optimal hormonal environment for cell fate transitions '*>. The hierarchical
response pattern (PG > P > G > CK) observed across hormone-related genes suggests that PLT5-GRFs
integration optimizes endogenous hormone production and responsiveness. 3) Epigenetic
Reprogramming: Unique to PLT5-GRFs treatment was the coordinated activation of chromatin
remodeling complexes and histone-modifying enzymes. This epigenetic reprogramming likely facilitates
stable cell-fate transitions necessary for sustained regeneration competence, addressing what recent

reviews identify as a key factor underlying recalcitrance in plant biotechnology 8368,

The consistent effectiveness across phylogenetically diverse species demonstrates the broad
taxonomic applicability of PLT5-GRFs. The consistent efficacy of PLT5-GRF’s across phylogenetically
diverse species, from herbaceous crops (lettuce, tomato) to woody perennials (blueberry) and monocots
(bahiagrass), demonstrates the universal nature of this approach. These species represent a wide range of
plant families, including Solanaceae, Asteraceae, Cucurbitaceae, Poaceae, and Ericaceae, each with its
own unique challenges in genetic transformation *-%%, The consistent enhancement of regeneration and
transformation across such diverse species suggests that the PLT5-GRFs module targets conserved
pathways and mechanisms that are fundamental to plant regeneration !>®! . The broad applicability of
PLT5-GRFs across species can be attributed to the conserved functions of these genes in regulating key
developmental processes. PLT genes have been shown to play crucial roles in stem cell maintenance, cell

fate determination, and organ patterning in diverse plant species, including Arabidopsis, snapdragon, and
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tomato 27629, Similarly, GRF-GIF modules have been implicated in the control of cell proliferation, lea
growth, and regeneration in a wide range of species, such as Arabidopsis, rice, maize, and tomato 47,

The evolutionary conservation of these key regulators across diverse plant lineages supports their

potential as universal tools for enhancing regeneration and transformation °.

The success of PLT5-GRFs in both in vitro and in planta transformation systems represents a
crucial advancement for practical applications. While in vitro regeneration remains the primary
method for plant transformation *°, in planta approaches offer several advantages, such as reduced time,
labor, and cost, and the ability to transform recalcitrant species or those with long juvenile phases 3%,
The development of efficient in planta transformation methods is particularly important for species that
are difficult to regenerate or those with complex tissue culture requirements **’°. The in planta
transformation results with Sinningia speciosa in this study, showing 4-fold enhancement in
transformation frequency, demonstrate that PLT5-GRFs can overcome barriers even in mature plant

tissues (Fig. 7). This capability is particularly valuable for promoting cellular differentiation without

requiring external hormone applications, simplifying protocols, and reducing variability.

The in planta transformation approach, when combined with PLT5-GRFs, could have significant

f

implications for basic research, crop improvement, and plant biotechnology applications. For example, it

could facilitate the functional characterization of genes in non-model species or those with long
generation times, as it bypasses the need for time-consuming tissue culture steps *. In planta
transformation could also enable the rapid generation of transgenic plants for studying plant-pathogen

interactions, as the modified tissues can be directly challenged with pathogens without the need for

regeneration 7! Furthermore, this approach could be particularly valuable for crops with complex genomes

or those that are recalcitrant to in vitro regeneration, such as many woody species '3,

Strategies for segregating PLT5-GRFs from transformed and edited plants enable practical
deployment across different application scenarios. While the PLT5-GRFs system dramatically

enhances transformation frequency, practical deployment in crop improvement requires strategies to
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remove or silence DR transgenes from final products, both to avoid developmental consequences of
constitutive DR expression and to meet regulatory requirements. For conventional genetic transformation,
a co-transformation strategy using separate vectors, one carrying PLT5-GRFs with a visual marker (e.g.,
ROSEA1 or RUBY) and another harboring the desired transgene with an independent selectable marker,
could enable the generation of transformants containing only the gene of interest through subsequent
segregation ", In sexually propagated species, the unlinked T-DNAs segregate independently by
Mendelian inheritance, allowing selection of progeny carrying only the trait gene while the DR cassette is
eliminated. Visual markers can facilitate rapid identification of DR-free individuals in segregating
populations 774, For species where sexual segregation is impractical, such as vegetatively propagated
crops or those with long juvenile phases, chemically inducible promoter systems (e.g., dexamethasone- or
estradiol-responsive elements) can restrict PLT5-GRFs expression exclusively to the transformation and
regeneration phases, after which DR activity is silenced during normal plant development ">7¢, This
approach would allow the benefits of DR-enhanced transformation while minimizing pleiotropic effects

in regenerated plants.

For CRISPR-based genome-editing applications, similar strategies apply, with additional considerations.
When PLT5-GRFs is combined with CRISPR/Cas components on the same T-DNA, the entire editing
machinery, including DRs, Cas nuclease, and guide RNAs, can be co-segregated away from the edited
locus in seed-propagated species, yielding transgene-free edited plants that face a more streamlined
regulatory pathway than conventional transgenics in many jurisdictions '2. Alternatively, placing PLTS5-
GRFs and CRISPR components on separate vectors allows independent segregation, providing flexibility
to retain the editing machinery for additional modifications while eliminating the DRs. An exciting future
direction involves establishing "CRISPR host plants" in recalcitrant species, in which PLT5-GRF's and the
CRISPR/Cas9 machinery are stably integrated into a base genotype. Guide RNAs targeting different
genomic loci could subsequently be delivered via nanoparticle-based methods or localized application to

wound sites and meristems >”’. This platform would enable iterative genome editing of multiple targets
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without repeated transformation cycles, substantially accelerating functional genomics and breeding
programs in species with long juvenile phases, vegetative propagation, or complex reproductive biology.
For seed-propagated species, edited loci and T-DNA insertions could segregate in subsequent generations
to obtain transgene-free edited plants. Combined with the visual marker systems demonstrated in this
work, such integrated approaches could facilitate both the identification and segregation of desired editing

events, ultimately bridging the gap between laboratory innovation and commercial deployment.

In conclusion, our study establishes PLT5-GRFs as a potent and versatile combination for enhancing
regeneration and transformation frequency across diverse plant species, including chili pepper, a
transformation-recalcitrant species. Its successful application in both in vitro and in planta systems,
supported by comprehensive screening and transcriptomic analysis, reveals key molecular pathways and
gene regulatory networks driving regenerative capacity. This system's broad applicability, compatibility
with visual markers, and potential for in planta methods position it as a transformative tool for plant
biotechnology, enabling functional genomics, genetic improvement of economically important crops, and

protocols for other recalcitrant species.

Despite these advances, limitations remain, including untested efficacy in additional high-value
recalcitrant species and the need for deeper mechanistic insights into PLT5-GRFs' synergistic effects,
interactions with developmental regulators or hormone pathways, and long-term transgenic plant stability
across generations and environments. Future research should investigate tissue-specific or inducible
promoters to minimize pleiotropic effects and integrate PLT5-GRFs with tools such as CRISPR-Cas for
precise genetic manipulation. Ultimately, addressing these areas will fully harness the potential of PLT5-
GRFs, overcoming species-specific barriers, accelerating crop improvement, synthetic biology, and
metabolic engineering, and unlocking the genetic potential of plants to tackle challenges in agriculture,

conservation, and research.

Methods
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Plant materials and growth conditions

Nine plant species were used for transformation experiments. For in vitro transformation, petunia
(Petunia x hybrida, Cv 'Mitchell’, tomato (Solanum lycopersicum cv. ‘MicroTom’), lettuce (Lactuca
sativa, cv. ‘Salinas’), chili pepper (Capsicum annuum, cv. ‘CM334’), ornamental eggplant (Solanum
aethiopicum, cv. ‘Pumpkin-on-a-Stick’ ), begonia (Begonia semperflorens cv. ‘UFI183-11"), blueberry
(Vaccinium corymbosum, Southern Highbush Blueberry, cv ‘4Albus’), and bahiagrass (Paspalum notatum,
Fliigge cv. ‘Pensacola’) were used; For in planta transformation, Gloxinia (Sinningia speciosa, cv. ‘Early
Giant’) was used. Unless otherwise specified, all plants were grown and maintained under standard

greenhouse conditions, with a 16-hour light/8-hour dark photoperiod at 25°C.
Vector construction

All constructs were based on the pOX135 binary expression vector, which contains a fused eGFP-NPTII
gene under a double-enhanced Cassava Vein Mosaic Virus (dCsVMYV) promoter, enabling dual selection

via fluorescent tracking and kanamycin resistance ’® (Supplementary Fig. 1a).

Single DR overexpression constructs: The coding regions of developmental regulators from Arabidopsis
thaliana, including PLT5 (AT5G57390), IPT (DQ058764.1), WUS (AT2G17950), BBM (AT5G17430),
WOX5 (AT3G11260), WOX13 (AT4G35550), ESRI (AT1G12980), and WIND1 (AT1G78080), were
synthesized (Gene Universal Inc., USA) or PCR-amplified from Arabidopsis thaliana Columbia ecotype
using gene-specific primers with flanking Bsal sites designed using Primer3Plus 7° (Table S4). These DR
fragments were cloned into pOX135 via its Bsal sites (Fig. S1A, Table S4). The grape (Vitis vinifera)
GRF4 (LOC100259737) and GIF'1 (LOC100253609) genes were fused based on a previously reported
construct with modifications to remove some internal restriction sites (Supplementary information 1), and
the resulting chimeric gene was synthesized and cloned into pOX135. Expression of these single DRs was
driven by a 2xCaM V35S promoter containing an Omega enhancer from pGWB402 (AB294426.1)

(Supplementary Fig. 1a).
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Multiple DR overexpression constructs: For double DR combinations, each single DR expression cassette
(comprising the 2xCaMV35S promoter, coding region, and HSter terminator) was PCR-amplified from
its respective pOX135-single DR vector using primers Mlul-35S-F and HSter-Aatll-R (Supplementary
Table S4). These cassettes were then ligated sequentially into pOX135-single DR vectors at the Aatll and
Mlul restriction sites to form different combinations of double DR overexpression constructs
(Supplementary Fig. 1b). For triple DR constructs, additional single DR cassettes were PCR-amplified
using primers Spel-35S-F and HSter-Sall-R (Supplementary Table S4) and ligated into pOX135-double

DR vectors at the Spel and Sall restriction sites (Supplemental Fig. 1c).
Reporter gene constructs and combinations with DRs:

The anthocyanin biosynthesis regulator ROSEAI (RO) (DQ275529.1), from Antirrhinum majus *°, as well
as the synthetic betalain biosynthetic gene RUBY from Mirabilis jalapa *', were used as visual markers.
ROSEA 1 was synthesized in Gene Universal Inc (Newark, DE), while the RUBY cassette was PCR-
amplified from plasmid 35S:RUBY (AddGene: #160908), and cloned into pOX135 at the Bsal cloning
sites to form the pOX135-ROS, pOX135-RUBY (Supplementary Fig. 3a). To create combined DR and
reporter constructs, the PLTS5 (2xCaMV35S::PLT5::HSter) and GRF4/GIF'1
(2xCaMV358S::GRF4/GIF1::HSter) cassettes were amplified from their respective pOX135-single DR
vectors using Mlul/Aatll and Spel/Sall primers, respectively, and ligated to pOX135-ROSEA1 or
pOX135-RUBY to form pOX135-ROSEA1 -PLT5-GRFs and pOX135-RUBY-PLT5-GRFs (

Supplementary Fig. 3a and b).

All plasmids were validated via digestion (Supplementary Fig. 2a-e) and confirmed by Sanger
sequencing. The final constructs were introduced into Agrobacterium tumefaciens strain EHA105 or

GV3101 using the freeze-thaw method .

Plant transformation
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In-vitro transformation and DR screening: Agrobacterium-mediated in vitro transformation was
performed to evaluate the effects of different DRs. All transformation experiments included biological
replicates; explant numbers (n) are reported in the corresponding Results and figure legends. A.
tumefaciens strains EHA105 harboring the indicated binary vectors were first cultured in Sml LB broth at
28°C and 180 rpm overnight. A secondary culture was initiated by inoculating 1 mL of the overnight
culture into 10 mL of fresh LB broth, harvesting at an optical density (OD600) of 0.3—0.5, and

resuspending in MS liquid medium containing 100 uM acetosyringone.

Petunia transformation: Cotyledon explants from 7- to 10-day-old petunia seedlings were inoculated and
cultured on callus induction medium (CIM: MS salts and vitamins, Il mg1™! BAP, 0.1 mgl ! NAA, and

100 mg 1! kanamycin, and 100 mg 1! Timentin for 2, 3, or 4 weeks 2.

Tomato transformation: Cotyledon explants from 7- to 10-day-old tomato seedlings were inoculated and
cultured on CIM (MS salts and vitamins, 2 mg 17! zeatin, 0.2 mg 1" NAA, 100 mg I ! kanamycin, and 100

mg 1! Timentin) for 2, 3, 4, or 5 weeks 7.

Chili pepper transformation: Cotyledon explants from 10- to 14-day-old chilli pepper seedlings were
inoculated and cultured on CIM (MS medium supplemented with 3 mg 17! zeatin, 0.3 mg "' NAA, 100
mg "' kanamycin, and 100 mg 1"! Timentin) for 2, 3, or 4 weeks, then transferred to shoot induction
medium (SIM: MS salts and vitamins, 2 mg 17! zeatin, 0.1 mg 1™ NAA, 100 mg 1"! kanamycin, and 100
mg 1! Timentin) for an additional four weeks. Root induction was conducted on root induction medium

(RIM) containing 1/2 MS salts and vitamins, 1 mg 1 "' IBA, 50 mg 1" kanamycin, and 100 mg 1! Timentin.

Callus induction efficiency (% of explants forming callus), shoot induction efficiency (% of explants
forming shoots), and transformation frequency(% of explants forming GFP-positive shoots) were
calculated as previously described -5, The top-performing combination of PLT5-GRFs was further
tested in lettuce, ornamental eggplant, begonia, bahiagrass, and blueberry using established protocols 738
% Detailed media formulations and culture conditions for each species are provided in Supplementary

Methods.
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In planta transformation: A dipping-vacuum method was used to transform mature leaves from 4- to 5-
month-old Gloxinia plants. Leaves were scratched, immersed in suspension of 4. tumefaciens strain
GV3101 (0.D.=0.5-0.8 in liquid MS supplemented with 100 uM acetosyringone and 2.0 mg 17! silver
nitrate), and vacuum-infiltrated at -40 kPa, for 2 min. After infiltration, leaves were incubated under low-
light conditions for 2 weeks before being transferred to natural light. Petioles were inserted into moist
vermiculite in the tray with a ventilated plastic dome to maintain moisture for subsequent culture and

plant regeneration.

Molecular and phenotypic analysis

GFP detection and PCR genotyping: GFP fluorescence was detected using a Leica DM6000 B fluorescent

microscope equipped with a GFP filter set *°

. Genomic DNA was extracted from leaf tissues using the
CTAB method °'. PCR was performed using Q5 Hot Start High-Fidelity DNA polymerase (New England
BioLabs, USA) according to the manufacturer's instructions. Primers specific for the eGFP-NPTII gene
and for T-DNA backbone regions (Supplementary Table S4) were used to confirm stable transgene
integration and exclude transient transformation. Amplified DNA fragments were separated by

electrophoresis and stained with SYBR Safe (Thermo Scientific, USA) and visualized with the Omega

Lum™ Imaging system (Gel Company, USA).

RNA extraction and RT-qPCR analysis: Total RNA was isolated using RNAzol RT (Molecular Research
Center, USA), and cDNA was synthesized from 1 pug of total RNA using the QuantiTect Reverse
Transcription Kit (Qiagen, Germany) and diluted 25-fold. RT-qPCR reactions were performed using
gene-specific primers (Table S5) on the CFX96 real-time PCR system (Bio-Rad, USA) using Bio-Rad
SYBR Green Master Mix. Relative expression levels were calculated using the 2724 method ** with a

species-specific housekeeping gene (Actin and GAPDH) as the reference gene > (Table S5).

RNA-Seq and data analysis: Total RNA was extracted from chilli explants at 1-, 2-, and 3-weeks post-

transformation with empty vector control (CK), PLTS5 (P), GRFs (G), or PLT5-GRFs (PG) constructs

25



612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628
629

630

631
632

633

634

635

using RNAzol RT(Molecular Research Laboratory, USA). RNA quality and quantity were assessed using
a Bioanalyzer 2100 (Agilent Technologies, USA). RNA sequencing libraries were prepared using the
TruSeq RNA Sample Preparation Kit v2 (Illumina, USA) and sequenced on an Illumina HiSeq 2500
platform (Illumina, USA). RNA sequencing result will be deposited in NCBI GEO upon acceptance. Raw
reads were filtered, and clean reads were mapped to the chili pepper reference genome °* using HISAT2
%, Differentially expressed genes (DEGs) were identified using DESeq?2 * with a false discovery rate
(FDR) < 0.05 and |log2(fold change) | > 1. KEGG pathway enrichment analysis of DEGs was performed

using the clusterProfiler package in R 7.
Statistical analysis

All statistical analyses were performed using R software °®. Data normality was assessed using the

Shapiro-Wilk test, and homogeneity of variances using Levene's test *°

. When assumptions of parametric
tests were violated, data were transformed or analyzed using non-parametric alternatives '%°. Depending
on the experimental design and data structure, comparisons between groups were performed using
Student's z-test, one-way ANOVA followed by Tukey's HSD post-hoc test, or non-parametric tests, such

as the Mann-Whitney U test or the Kruskal-Wallis test '°!. Significant differences were determined at the

p <0.05 or 0.01 level. Graphs were generated using the ggplot2 package in R.

Data Availability

The data supporting the findings of this study are available upon reasonable request from the

corresponding author.
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Supplementary Information

Supplementary Fig. 1: Schematic representation of the expression vectors used for evaluating
developmental regulators (DRs) in plant transformation. a, Control expression vector pOX135
containing an eGFP-NPTII fusion gene driven by the Cs VMV promoter, without any DRs (NA). Single
DR expression vectors are modified pOX135 constructs carrying individual DR genes (PLT5, WINDI,
IPT, WUS, GRFs, WOX13, WOX5, BBM, or ESRI), each driven by a double CaM V35S promoter
(2xCaMV35S) (see Supplementary File 2 for promoter sequence information). b, Double DR expression
vectors are modified pOX135 constructs containing two different DR genes (PLT5-GRF's, PLT5-1PT,
PLT5-WUS, PLT5-WIND1, PLT5-ESR1, PLT5-WOX5, PLT5-WOX13, PLT5-BBM, GRFs-WOX35, or
GRFs-W0X13), each positioned at separate loci and driven by independent 2x CaM V35S promoters. ¢,
Triple DR expression vectors are modified pOX135 constructs incorporating three distinct DR genes
(PLT5-GRFs-ESRI1, PLT5-GRFs-WOXS5, PLT5-GRFs-WOX13, PLT5-WUS-WOX5, PLT5-ESRI-WOX5,
PLT5-ESRI-WOX13, or GRFs+ESRI-WO0XY5), each positioned at separate loci and driven by individual
2xCaMV35S promoters. In all constructs, 355-7 and Hsp-T represent terminators. LB and RB indicate the

left and right borders of the T-DNA, respectively.

Supplementary Fig. 2: Verification of expression vector construction. a, PCR amplification of the
coding sequences (CDS) of various developmental regulators (DRs) used in this study. Expected
amplicon sizes (in bp) are indicated below each lane. b, Restriction enzyme digestion of single and double
DR expression cassettes to confirm proper vector assembly. Lanes 1-7: single DR cassettes; lanes 8-14:
double DR cassettes. Restriction enzymes used were EcoRI, Bsal, Mlul, Aatll, Spel, Sall, and Sbfl, with
their recognition sites shown in the schematic representation in panel c. ¢, Schematic diagram of the

restriction enzyme sites used for vector analysis. Hsp-T, heat shock protein terminator; 2xCaMV35S,
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double Cauliflower Mosaic Virus 35S promoter; RB, right border. d, Representative gel image showing
the restriction pattern of P-WUS double DR cassette digested with EcoRI, WOXS5, and WOX13,
confirming the correct ligation of the two DR cassettes. e, Restriction enzyme digestion of single and
double DR expression vectors using EcoRI, WOXS5, and WOX13. Expected band sizes (in bp) are

indicated on the left. M, DNA size marker.

Supplementary Fig. 3: Schematic representation of expression vectors containing different visible
markers and developmental regulators (DRs). a, pOX135-RUBY control vector harboring an eGFP-
NPTII fusion gene driven by the CsVMV promoter and a synthetic betalain biosynthesis gene (RUBY)
under the control of a double CaM V35S promoter (2xCaMV35S). b, pOX135-RUBY-PLT5-GRF4/GIF1
(PG+RU) vector, a modified pOX135-RUBY construct incorporating additional cassettes of PLT5 (from
Arabidopsis) and GRF4/GIF I (from grape), both driven by 2xCaMV35S promoters. ¢, pOX135-ROSEA1
control vector containing an eGFP-NPTII fusion gene driven by the Cs VMV promoter and an anthocyanin
regulatory gene (ROSEAI) under the control of 2xCaMV'35S. d, pOX135-ROSEA1-PLT5-GRF4/GIF1
(PG+RO) vector, a modified pOX135-ROSEA1 construct incorporating additional cassettes of PLTS
(from Arabidopsis) and GRF4/GIFI (from grape), both driven by 2xCaMV35S promoters. In all
constructs, 355-7T and Hsp-T represent terminators, while LB and RB indicate the left and right borders of

the T-DNA, respectively.

Supplementary Fig. 4: Comprehensive screening of DRs effects on callus induction, shoot
regeneration, and transformation frequency in Pefunia hybrida. Representative images of Petunia
culture plates showing leaf explant responses to various DRs on callus-induction MS medium at 2- and 3-
wpi. Images were selected to represent the average response across three biological replicates, with each

replicate consisting of 20 leaf explants cultured under identical conditions.

Supplementary Fig. 5: Comprehensive screening of DRs for regeneration in tomato of DR effects on
callus induction, shoot regeneration, and transformation frequency in tomato (Solanum
Iycopersicum cv. Micro-Tom). a, Representative images of individual tomato explants illustrating
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regeneration responses to various DR combinations at 3- (See Fig. 1a), 4-, and 5- wpi. Upper panels show
individual DRs (pOX135 control, GRFs, IPT, WUS, WIND1, ESR1, WOX5, WOX13, BBM); middle
panels display PLT5-based combinations (PLTS5, P-GRFs, P-IPT, P-WUS, P-WIND1, P-ESR1, P-WOXS5,
P-WOX13, P-BBM); and lower panels present more complex combinatorial treatments (G-WOXS5, G-
WOX13, P-G-ESR1, P-G-WOX5, P-G-WOX13, P-W-WOX5, P-E-WOX5, P-E-WOX13, G-E-WOX5)
(where P = PLTS, G = GRF4/GIF1, E = ESR1, W = WUS). b, Representative images of tomato culture
plates showing cotyledon explant responses to various DR combinations on MS medium at 3-, 4-, and 5-
wpi. Images were selected to represent the average response across three biological replicates, with each
replicate consisting of 20 cotyledon explants cultured under identical conditions. Statistical analysis of the

DR evaluation on tomatoes is provided in Supplementary Table 1.

Supplementary Fig. 6: Comparative analysis of developmental regulator (DR) effects on
regeneration in chili pepper (Capsicum annuum). Representative images of individual chili pepper
cotyledon explants showing regeneration responses following Agrobacterium-mediated transformation
with various DR constructs at 2-, 3-, and 4- wpi. The tested constructs include pOX135 (control), PLTS5,
IPT, GRF4/GIF1, P-GRFs, P-IPT, P-WUS, P-WINDI1, P-ESR1, P-WOXS5, P-WOX13, P-BBM, and P-G-
WOX13 (where P =PLT5, G = GRF4/GIF1). Images were selected from full culture plates to represent
the average response across three biological replicates, with each replicate consisting of 20 cotyledon
explants cultured under identical conditions. Statistical analysis of the DR evaluation on chili is provided

in Supplementary Table 3.

Supplementary Fig. 7: Phenotypic characterization of PLT5-GRFs transgenic chili pepper
(Capsicum annuum). a, Fluorescence microscopy of cotyledon explants and calli at 10, 28, 35, and 56
dpi with control (CK) or PLT5-GRF4 (PG) constructs. Insets show GFP expression in transgenic PG
shoots. Scale bars, 2 mm. b,¢, Developmental comparison of TO transgenic PG and wild-type (WT) chili
pepper plants at various growth stages: seedlings at 10 weeks post-inoculation (wpi) (b, left), plants at 14

and 20 wpi (b, middle and right), flowers at 18 wpi (c, left), and seeds at 20 wpi (c, middle). GFP
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fluorescence in WT and PG seeds is shown in c, right. Scale bars, 1 cm (b), 5 mm (c, left and middle), and
2 mm (c, right). d, Side view (top) and top view (bottom) of T1 transgenic PG and WT chili pepper plants
at 10 weeks after seed germination, showing differences in plant architecture and leaf morphology. Scale
bars, 5 cm. e, Quantification of plant height in WT and PG plants at 10 weeks after seed germination.
Data are presented as mean + s.d. (n = 6 plants per genotype, 3 biological replicates). Asterisks indicate

statistically significant differences based on a two-tailed Student's t-test (***P < 0.001).

Supplementary Fig. 8: Transcriptional profiling reveals PLT5 and GRFs-mediated gene expression
changes associated with enhanced transformation frequencyin Capsicum annuum. a-c, KEGG
pathway enrichment analysis of differentially expressed genes (DEGs) in C. annuum at 3 wpi with PLT5-
GRFs (PG) compared to the control (CK). The analysis was performed using homologs of C. annuum
DEGs identified in Arabidopsis thaliana (a), Nicotiana tabacum (b), and Solanum lycopersicum (c). Dot
size represents the number of DEGs in each pathway, and color indicates the statistical significance
(—log10(false discovery rate)). d—1, Hierarchical clustering and heatmap visualization of transcriptional
profiles for genes involved in key regulatory pathways: developmental regulation (d), auxin signaling (e),
cytokinin signaling (f), DNA modification (g), histone modification (k), chromatin remodeling (h), small
RNA silencing (i), Polycomb Repressive Complex (PRC) interactions (j), and small RNA processing (1).
Expression levels are presented as log2(transcripts per million + 1) values across three biological
replicates for each treatment: CK, PLT5 alone (P), GRF4 alone (G), and PG at 1-, 2-, and 3- wpi. Color

scale represents normalized expression levels from low (blue) to high (red).

Supplementary Fig. 9: Co-expression of PLT5 and GRFs enhances anthocyanin accumulation and
transformation frequencyin Begonia (continued in Fig. 5). a,b, Leaf explants transformed with the
ROSEA] control plasmid (a) or the PLT5-GRFs+ROSEA1 (PG+RO) plasmid (b) showing callus
development, GFP fluorescence, and red pigmentation at 20 and 40 dpi. PG+RO explants exhibit
enhanced GFP fluorescence and intense red pigmentation compared to the control. ¢,d, Phenotypic

comparison of wild-type (WT) (¢) and transgenic PG+RO (d) plants at 120 dpi, showing detailed views of
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965  leaves under bright field (left) and UV illumination (right). Scale bars, 1 cm (a-d). e,f, Phenotypic
966  comparison of WT (e) and PG+RO (f) plants at 150 dpi, displaying whole plant morphology (e) and
967  anthocyanin accumulation in leaves and stems (f). PG+RO plants exhibit enhanced anthocyanin

968  production compared to WT. Scale bars, 2 cm (e, f).

969  Supplementary Fig. 10: Co-expression of PLT5 and GRFs enhances shoot regeneration and

970 transformation frequencyin Solanum aethiopicum. a, b, Fluorescence microscopy of calli at 14- and
971  28- dpi with control (CK) or PLT5-GRF4 (PG) constructs. ¢, d, Regenerated shoots at 42- dpi from CK
972  (c) and PG (d) treatments. e, f, Transgenic plantlets at 90 dpi from CK (e) and PG (f) treatments. Scale
973  bars, 5 mm. g, h, Transformation frequency(percentage of explants producing transgenic shoots) in CK
974  and PG treatments at 2 weeks (g) and 3 weeks (h) post-transformation. Data are presented as mean + s.d.
975  (n=4 biological replicates, each consisting of 15 explants). Asterisks indicate statistically significant
976  differences based on a two-tailed t-test (*P < 0.05; **P < 0.01; ***P < (.001). i, PCR detection of the
977  GFP transgene (450 bp) in TO transgenic seedlings from CK and PG treatments. Wild-type (WT) plants

978  served as a negative control.

979  Supplementary Fig. 11: PLTS and GRF co-expression enhances regeneration and transformation
980 frequency in lettuce (Lactuca sativa). a,c,e, Developmental progression of cotyledon explants

981 transformed with the control vector pOX135-RUBY (RU) from 21 to 120 days post-inoculation (dpi). RU
982  explants developed calli with weak GFP fluorescence and red pigmentation. Representative shoots at 28
983  dpi (¢, white arrowhead) show limited GFP fluorescence. Shoot at 35 dpi (e) and fully regenerated RU
984  plants at 90 and 120 dpi exhibited normal green phenotypes without noticeable detectable pigment

985  accumulation in vegetative or reproductive tissues. The representative culture plate at 35 dpi (c, top right)
986  demonstrates the limited shoot regeneration and transformation frequency of the RU construct. b,d,f,

987  Developmental progression of cotyledon explants transformed with the PLT5-GRFs+RUBY (PG+RU)
988  vector from 21 to 120 dpi. PG+RU explants showed strong GFP fluorescence and red pigmentation.

989  Representative shoots at 28 dpi (d, red arrowhead) and displays strong GFP fluorescence. Fully
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regenerated PG+RU plants at 90 and 120 dpi exhibited strong red pigmentation in leaves, stems, and
flowers. The representative culture plate at 35 dpi (d, bottom right) demonstrates the enhanced shoot
regeneration and transformation frequency of the PG+RU construct. Red arrowheads denote the
regenerated shoots from PG+RU, while white arrowheads indicate those from RU. Scale bars, 2 mm
(a,b), 1 mm (c,d), 1 cm (e,f). g, Regeneration frequency (percentage of explants producing shoots) and
transformation frequency(percentage of explants producing transgenic shoots) in RU and PG+RU
treatments at 4 wpi. Data are presented as mean =+ s.d. (n = 3 biological replicates, each consisting of 15
explants). Asterisks indicate statistically significant differences based on a two-tailed Student's t-test (**P

<0.01).

Supplementary Fig. 12: Co-expression of PLT5 and GRFs enhances genetic transformation
frequency in blueberry using the ROSEAI visible marker. a—¢ Representative shoot-regenerating
explants of Vaccinium corymbosum ‘ Albus’ transformed with pOX135 empty vector (CK) (a), pOX135-
ROSEAI (ROSEA) (b) and pOX135-PG+RO (PLT5+GRFs+ROSEAI) (¢) at 49 days post inoculation
(dpi), shown under bright field (left) and fluorescence (right). d, e Additional pOX135-PG+RO explants
at later time points (49 and 56 dpi, as indicated), highlighting pink anthocyanin pigmentation and GFP
fluorescence in emerging shoots. f~h Whole regeneration plates at 63 dpi for CK (f), ROSEA (g) and
PG+RO (h). i, k PCR detection of the AmROSEA I transgene (450 bp) in independent transformants. j, m
PCR detection of the eGFP transgene (630 bp) in the same samples. For each gel, lane 1, 1 kb Plus DNA
ladder; lane 2, plasmid positive control (pOX135-ROSEAI in i—j; pOX135-PG+RO in k—m); lane 3,
water negative control; lane 4, wild-type ‘Albus’; lanes 5-9 (i—j) or 5-11 (k—-m), independent putative
transformants. n Transformation frequency of each construct calculated as the percentage of PCR-positive

shoots among total regenerated shoots. Scale bars, as indicated.

Supplementary Table 1: Effects of developmental regulators (DRs) on plant regeneration and

transformation in Petunia hybrida.
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Supplementary Table 2: Effects of DRs on plant regeneration and transformation in tomato

(Solanum lycopersicum cv. Micro-Tom).

Supplementary Table 3: Effects of developmental regulators (DRs) on plant regeneration and

transformation in chili pepper (Capsicum annuum).

Supplementary Table 4: Primers for vector construction, genotyping, and gene expression analysis.
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1036  Figures
1037

1038  Fig. 1: Evaluation of developmental regulator (DR) combinations on transformation efficiency.
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1040  a, ¢ Representative images of regenerated explants at 3 weeks post-inoculation (wpi) in petunia and 4 wpi
1041  intomato with the indicated DR constructs (See Supplementary Fig. 1 for details on constructs). Red
1042  arrowheads highlight shoot primordia formation. The tested DRs include pOX135 (control, labeled with
1043  CK), GRF4/GIF1, (labeled with GRFs), IPT, WUS, WINDI, ESR1, WOX5, WOX13, BBM, PLT5, P-
1044  GRFs, P-IPT, P-WUS, P-WINDI, P-ESR1, P-WOX5, P-WO0X13, P-BBM, P-G-ESR1, P-G-WOX5, P-G-
1045 WOXI13, P-W-WOXS5, P-E-WOXS5, P-E-WOX13, G-WOX5, G-WOX13, and G-E-WOXS5 (where P =
1046  PLT5, G= GRF4/GIF1, E = ESR1, W = WUS). b, d Transformation frequency (percentage of explants
1047  producing transgenic shoots) in response to different DR combinations at 3 wpi in petunia and 4 wpi in
1048  tomato, respectively. Data are presented as mean + s.d. (n = 4, 20 explants each, ns, not significant; * P <
1049  0.05; **P <0.01). Explants were derived from cotyledons of the tomato variety “Micro-Tom.” See also
1050  Supplementary Fig.5 and Supplementary Table 2.

1051

1052
1053
1054

1055

43



1056

1057

1058
1059
1060
1061
1062
1063
1064
1065
1066

1067

1068

1069

1070

1071

1072

1073

Fig. 2: Enhanced transformation of chili pepper (Capsicum annuum) using PLT5-GRFs.
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a, b, Fluorescence microscopy of cotyledon explants and calli at 10- and 30 days post-infection (dpi) with
control (CK) or PLT5-GRFs (PG) constructs. Regenerated shoots at 30 dpi show GFP expression in
transgenic PG shoots. ¢, d, Regenerated shoots at 60 dpi from CK (c¢) and PG (d) treatments. e,
Transformation frequency (percentage of explants producing transgenic shoots) in CK and PG treatments.
Data are presented as mean + s.d. (n =4, 15 explants each, ***P < (0.001.). f, Relative expression of PLT5
and GRF4 in CK and PG explants at 3 wpi, normalized to the reference gene CaGAPDH (n =3, **P <
0.001). h, Molecular confirmation of transgene presence: PCR detection of GFP (450 bp) in T
transgenic seedlings (PG), with wild type (WT) as the negative control. Scale bars, 1 cm. See also
Supplementary Fig. 6 and 7.
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Fig. 3: Transcriptomic analysis reveals PLT5 and GRF-mediated regulation of plant regeneration

genes in chili pepper (Capsicum annuum).
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a, Calli and shoots from explants transformed with control (CK) or PLT5-GRFs (PG) at 1- and 3 wpi.
Scale bars, 5 mm. b, Volcano plot of DEGs at 1 and 3 wpi. Red and blue dots indicate significantly up-
and down-regulated genes, respectively. ¢, Top 10 DEGs (mean + s.d., n =3, ***P < 0.001). d, KEGG
enrichment of DEGs. Dot size represents the number of DEGs per pathway, and color indicates the
statistical significance (—log10(false discovery rate)). e—j, Heatmaps of DEGs for developmental
regulators (DRs) (e), auxin (f) and cytokinin (g) pathways, chromatin remodeling (h), small RNA
processing (i), and epigenetic regulation (j) at 1- and 3 dpi. See also Supplementary Fig. 8.
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1085  Fig. 4: PLT5-GRFs promote shoot regeneration and enhance transformation efficiency in Begonia.
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1087  a,b, Callus with weak (a) or intense (b) GFP and anthocyanin accumulation at 50 dpi with ROSEA control
1088  and PLT5-GRFs-ROSEAI (PG+RO), respectively. ¢,d, Plates at 50 dpi showing shoots (arrows) from
1089  ROSEA (c) or PG+RO (d). White and red arrowheads highlight reddish shoot primordia in ROSEA and
1090 PG+RO, respectively. e,f, Phenotypic comparison of wild-type (WT) (e) and transgenic PG+RO (f)

1091  plants at 120 dpi, showing whole plant morphology and detailed views of roots under bright field (top)
1092  and UV illumination (bottom). g,h, Callus Induction (g) and transformation (h) frequency (mean + s.d., n
1093 =4, 15 explants each). ***P < 0.001 (Student's t-test). Scale bars, 1 cm. See also Supplementary Fig. 9.
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1104  Fig. S: PLT5 and GRF’s co-expression enhances genetic transformation efficiency in blueberry
1105  (Vaccinium corymbosum) using the ROSEA1 anthocyanin marker.
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1106

1107  a,c,e,g, Developmental progression of young leaf explants transformed with the control vector pOX135-
1108 ROSEAI (RO) from 28 to 70 days post-inoculation (dpi). RO explants developed calli with weak or no
1109  GFP fluorescence and red pigmentation. Representative shoots at 28 and 35 dpi (a, white arrowheads)
1110  show no GFP fluorescence. Regenerated shoots at 56 (c,e) and 70 dpi (g) exhibited normal green

1111  phenotypes without detectable pigment accumulation in vegetative tissues. The representative culture
1112 plate at 56 dpi (c,e) demonstrates smaller calli and limited shoot regeneration and transformation

1113  frequency of the RO construct. b,d,f,h, Developmental progression of young leaf explants transformed
1114  with the PLT5-GRFs-ROSEAI (PG+RO) vector from 28 to 70 dpi. PG+RO explants showed strong GFP
1115  fluorescence and red pigmentation. Representative shoots at 28 and 35 dpi (b, red arrowheads) display
1116  strong GFP fluorescence. Regenerated PG+RO shoots at 56 and 70 dpi exhibited strong pinkish

1117  pigmentation in leaves and stems. The representative culture plate at 56 dpi (d,f) demonstrates the

1118  enhanced shoot regeneration and transformation frequency of the PG+RO construct. Red arrowheads
1119  denote the regenerated shoots with typical pinkish pigmentation from PG+RO, while white arrowheads
1120  indicate those from RO. Scale bars, 2 mm (a,b), 5 mm (c,d), 1 cm (e,f), 2 cm (g,h). i,j, Regeneration
1121 frequency (i) and transformation frequency (j) in RO and PG+RO treatments at 9 wpi. Data are presented
1122 as mean + s.d. (n = 10 biological replicates, each consisting of 10 explants). Asterisks indicate statistically
1123  significant differences based on a two-tailed Student's t-test (ns, not significant; **P < (0.01). k, PCR
1124  detection of the GFP transgene (450 bp) in TO-1 and TO-2 transgenic plants from the PG+RO treatment.
1125  Wild-type (WT) plants served as a negative control.
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Fig. 6: PLT5 and GRFs co-expression enhances genetic transformation efficiency in bahiagrass
(Paspalum notatum).
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a,b, Fluorescence microscopy of calli derived from leaf explants at 14 dpi with control (CK) or PLTS5-
GRFs (PG) constructs. ¢,d, CK calli (¢) exhibit weak GFP fluorescence, while PG calli (d) show strong
GFP signal at 21 dpi. e,f, Representative culture plates demonstrating shoot regeneration at 42 dpi from
CK (e) and PG (f) treatments. PG shoots display enhanced growth and development compared to CK. The
PG plate shows a significantly higher number of regenerated shoots than CK. g,h, Transgenic plantlets at
60 dpi from CK (g) and PG (h) treatments. PG plantlets exhibit more vigorous growth and increased
biomass. i,j, Transgenic plants derived from CK (i) and PG (j) treatments, revealing striking differences
in tiller number and overall plant architecture. k, Quantification of transformation frequency, expressed as
the number of regenerated shoots per explant, in CK and PG treatments. Data are presented as mean =+ s.d.
(n=4, 15 explants each, ***P < 0.001). 1, PCR detection of the GFP transgene (450 bp) in TO transgenic
plants from the CK and PG treatments. Wild-type (WT) plants served as a negative control. Scale bars,

1.5 cm.
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Fig. 7: PLT5-GRFs enhances in-planta transformation efficiency in Sinningia speciosa.
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a, Schematic of the in-planta transformation protocol: mature leaves from healthy 4-5-month-old plants
were scratched before being immersed in Agrobacterium suspension. A vacuum infiltration step was
applied, followed by incubation under low-light conditions. Leaves were then transferred to indoor
culture, with petioles buried in vermiculite for further growth. b, Emergence of calli and shoots at wound
sites in leaves transformed with RUBY (RU) or PLT5-GRFs-RUBY (PG+RU) constructs at 30-, 45-, and
60 dpi. Betalain accumulation and GFP fluorescence indicate successful transformation. Red arrowheads
denote the regenerated shoots from PG+RU, while white arrowheads denote those from RU. ¢, GFP
fluorescence in PG+RU and RU transformants at 60 dpi. Red triangles denote the betalain pigmentation
and GFP signal. d, Regeneration frequency (percentage of explants producing shoots) and transformation
frequency (percentage of explants producing transgenic shoots) in RU and PG+RU treatments. Data are
presented as mean = s.d. (n= 3, 10 explants each, *P < 0.05; **P < 0.01). e, PCR detection of the GFP
transgene (450 bp) in TO transgenic seedlings (lanes 1-6) from the PG+RU. WT plants served as a
negative control, and PG+RU plasmid (P) served as a positive control. Scale bars, 1 cm.
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Fig. 8: PLT5 and GRF/GIF1 synergistically enhance de novo shoot regeneration by coordinating
developmental, hormonal, and epigenetic networks.
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a depicts a simplified progression from wounded leaf explants to regenerated shoots. PLT5 (blue)
promotes early steps, including wound-induced dedifferentiation, callus formation and acquisition of
pluripotency, and helps establish a stem-cell-like niche competent for shoot fate. GRF4/GIF'I (green)
mainly reinforces later stages by stimulating cell proliferation, shoot promeristem formation/patterning,
and subsequent shoot growth. b cross-species phylogenetic trees of PLT5 (left) and GRF4 (right)
orthologs from representative monocot and dicot species, with corresponding protein motif architectures
shown as colored blocks. Predicted 3D structures of AtPLT5 and VvGRF4/GIF1 modules are displayed in
the center. Species include wheat, rice, Arabidopsis, tomato, tobacco, petunia, sunflower, lettuce,
soybean, peanut, and grape. ¢ summarize downstream regulatory layers influenced by this module.
Developmental regulators include meristem organizers and regeneration factors (for example, WUS,
WOX35, STM, CUCI, PLT1/5, ESR1, LBD16, GRF1/3/4/9, and GIFI). Hormonal signaling pathways
encompass auxin and cytokinin biosynthesis, transport, and signaling components (for example,
AUX/YUC/ABCB, IAA/ARF/GH3, AHK?2/3/IPT2, AHP2, and ARR1/10/11/14). Chromatin/epigenetic
regulation (MGOI, BRUI, MOM1, DMS11, FIS2, SWN, CLF, RINGla, ATXR2, VIMI and JMJ30) and
small RNA processing (DDL, RDRI1, SE, DCL4, AGO4, KTF1 and XRN4) further modulate regeneration
competence and outcome.
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