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Abstract

Nodal culture is a powerful plant tissue culture technique addressing critical challenges such as desiccation, microbial
contamination, and the limited viability of explants, particularly in recalcitrant horticultural crops like Garcinia mango-
stana, Artocarpus heterophyllus, Cucumis melo, Citrus limon, Kinnow mandarin, and Coffea arabica. This method utilizes
sterilized immature nodal explants, with regeneration induced through the precise application of growth regulators,
primarily auxins and cytokinins, to media such as Driver-Kuniyuki (DKW), Woody Plant Media (WPM), and Murashige
and Skoog (MS) under controlled conditions. These regulators significantly enhance both shoot and root regenera-
tion, thus reducing the generation time for difficult-to-regenerate species. Reactive oxygen species (ROS) play a piv-
otal role in regulating cell division and hormone signaling during regeneration. Additionally, transcription factors
such as wound-induced dedifferentiation 1 (WIND1), WUSCHEL (WUS), Enhancer of Shoot Regeneration 1 (ESR1),
Cup-shaped Cotyledon 1 and 2 (CUC1, CUC2), and Lateral Organ Boundaries Domain 16 (LBD16) are integral to callus
induction and organogenesis. Genetic variation observed in regenerated populations reflects the complexity of these
regulatory networks and underscores the need for further investigation. Notably, nodal culture provides a promising
alternative to conventional tissue culture methods, particularly in facilitating CRISPR/Cas9-mediated genetic modi-
fications in recalcitrant crops. This technique enhances the efficient regeneration of transgenic horticultural crops,
overcoming significant barriers to transformation. Future research should focus on refining nodal culture protocols
across a broader spectrum of horticultural species, improving gene editing efficiency, and integrating this approach
with advanced breeding technologies for targeted trait development and sustainable crop improvement.

Keywords Nodal culture, Recalcitrant horticultural plant, Genetic transformation, Regeneration, Speed breeding,
Abiotic/Biotic stress

Introduction

Recalcitrant crops, are distinguished by their high water

content in seeds, typically ranging from 30-70%. These

seeds are highly sensitive to low temperatures, with germi-
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freezing, heat, and waterlogging (Sujith 2015). Exposure to
these stresses results in the rapid loss of seed viability due to
their susceptibility to desiccation within 3—4 days (Pritchard
et al. 2022). These crops play vital roles in food security,
pharmaceutical applications, ecological balance, and bio-
geochemical cycle maintenance due to their biochemical
diversity and environmental functions, such as carbon foot-
print reduction and carbon sequestration (Jain et al. 2023;
Bhattacharyya et al. 2015; Lal et al. 2018).

However, propagating and improving recalcitrant hor-
ticultural crops presents significant challenges, primarily
due to their limited totipotency during in vitro regen-
eration. This restriction hampers their ability to undergo
direct or indirect regeneration, even when advanced tis-
sue culture techniques such as cell culture, suspension
culture, seed culture, embryo culture, endosperm cul-
ture, ovary culture, ovule culture, and protoplast fusion
or somatic hybridization are applied under controlled
conditions (Patel et al. 2022). Additionally, the high water
content in explants such as seeds, root cells, shoot cells,
leaf cells, ovaries, ovules, anthers, axillary buds, root
tips, and shoot tips significantly impairs nutrient uptake
and cell division (Ricroch et al. 2024; Berjak and Pam-
menter 2004; Mahmad 2012), inhibiting regeneration in
controlled environments, often resulting in regeneration
failure under cold or freezing conditions (Majumder et al.
2023). This excess water also interferes with key factors,
including media composition, growth regulator con-
centrations, light intensity, temperature, and humidity,
reducing regeneration efficiency and promoting media
solidification (Fernandez et al. 2023). Moreover, water
retention disrupts the cellular, molecular, and biochemi-
cal processes necessary for regeneration, particularly in
explants rich in parenchymatous tissue such as roots,
shoots, leaves, ovaries, ovules, anthers, axillary buds, and
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endosperm, where it leads to slowed cell division and
regeneration (Fig. 1) (Fernandez et al. 2023).

Nodal culture is a sophisticated and reliable plant tissue
culture technique with significant potential for facilitat-
ing both direct and indirect regeneration in explants from
recalcitrant horticultural crops under controlled envi-
ronmental conditions (Bennur et al. 2005). This method
utilizes immature node explants, effectively addressing
challenges such as desiccation, limited storage viability,
microbial contamination, and the short lifespan of recalci-
trant plant materials (Perera et al. 2015). Immature nodes
from these crops contain abundant intercalary and api-
cal meristematic cells, which are characterized by high
mitotic activity and enhanced totipotency. Additionally,
these nodes retain less water compared to other explants,
making them more conducive to regeneration (Lee 2023).
Leveraging this regenerative potential, shoot and root
meristems serve as highly organized and dynamic centers
of cellular proliferation, consisting of embryonic-like cells
that continuously generate both aerial and subterranean
plant organs through mitosis (Amin et al. 2002). Upon
germination, a specific subset of stem cells within these
meristems is activated to initiate the formation of lateral
organ primordia, while a central population of undiffer-
entiated pluripotent cells maintains meristematic identity
and ensures long-term self-renewal (Kwiatkowska 2008).
Unlike floral meristems, which are transient and determi-
nate, the shoot apical meristem retains stem cell activity
throughout the plant’s lifespan (Chang et al. 2020). Pre-
formed meristem protocols are designed to exploit the
inherent developmental plasticity of various meristem
types—apical, axillary, and adventitious—from the earli-
est stages of seedling emergence to senescence (Belanger
et al. 2024). When applied under precisely controlled
in vitro conditions, immature nodes respond positively

Uses rapidly growing shoot/root
apical meristems for plant
regeneration

Uses anthers to produce haploid
plants

Organ/Callus Culture

Uses stem segments with
axillary buds for rapid
propagation

Organ Culture

Uses whole plant organs (leaf,
stem, root) under sterile
conditions

Fig. 1 Nodal culture and nodal explants in comparison with other explant types and tissue culture methods for plant regeneration. The
figure compares nodal culture, which uses nodal explants for direct shoot proliferation from axillary buds, with other tissue culture methods,
including shoot tip, leaf, root, and callus cultures. Nodal culture provides superior genetic stability, efficient clonal propagation, and minimal

somaclonal variation compared to callus-based techniques
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to key factors such as media composition, growth regu-
lator concentrations, light intensity and quality, and tem-
perature, all of which significantly influence regeneration
success (Sehgal and Joshi 2022). Furthermore, stress-
induced accumulation of reactive oxygen species (ROS)
and changes in endogenous phytohormone levels modu-
late cellular reprogramming and morphogenic responses,
ultimately affecting the regeneration outcome. Integrat-
ing nodal culture with meristem-based strategies offers a
robust platform to overcome recalcitrance and improve
regeneration efficiency in challenging plant systems.

Given the limited research on regeneration in recalci-
trant horticultural crops, it is crucial to develop strate-
gies that enhance both direct and indirect regeneration
processes under controlled environmental conditions.
Equally important is integrating advanced molecular
techniques, such as speed breeding and CRISPR/Cas-
mediated genome editing, into nodal culture. These inte-
grated approaches help overcome physiological barriers,
improve regeneration efficiency, facilitate genetic trans-
formation, and enable the development of biotic and abi-
otic stress-tolerant recalcitrant plant varieties (Akhatar
et al. 2022). Despite these advancements, significant gaps
remain in understanding regeneration protocols across
different recalcitrant species, as well as in elucidating the
biochemical and genetic regulatory networks that gov-
ern successful regeneration. This review aims to advance
both theoretical insights and practical applications in the
propagation and genetic improvement of recalcitrant
horticultural crops.

Nodal culture protocol and response in recalcitrant
horticultural crops

Recalcitrant crops can be successfully regenerated from
nodal explants using specialized media and growth
regulators under controlled environmental conditions.
Immature nodal explants, typically 1-2 cm in length,
are initially cleaned with a liquid detergent (Tween 20)
and thoroughly rinsed with distilled water for 20 min.
Tween 20 acts as a wetting agent, facilitating the even
distribution of disinfectants and aiding in the removal
of oils and organic materials from the explants’surface,
thereby reducing contamination risks during tissue cul-
ture. Following this detergent treatment, the explants
are immersed in a fungicide-bactericide solution con-
taining carbendazim and streptocycline for 20 min, after
which they are washed 4-5 times with distilled water
to eliminate any residual chemicals. Carbendazim, a
broad-spectrum fungicide, inhibits fungal cell division
and growth by disrupting microtubule formation dur-
ing mitosis (Shields et al. 1984), while streptocycline, a
broad-spectrum antibiotic, effectively controls bacterial
species, including Ralstonia solanacearum, which poses
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a significant threat to plant health. The combination of
carbendazim and streptocycline provides a synergis-
tic defense against microbial contamination in nodal
cultures. For chemical sterilization, the explants are
immersed in 70% ethanol for 5 min, followed by treat-
ment with 1% or 0.8% sodium hypochlorite for 20 min
(Boboc et al. 2022). Ethanol serves as a rapid surface
disinfectant, while sodium hypochlorite ensures deeper,
more comprehensive sterilization. This sequential dis-
infection process effectively minimizes contamination
and enhances the success rate of tissue culture proce-
dures. The sterilized nodal explants are then inoculated
onto Murashige and Skoog (MS) or Driver-Kuniyuki
(DKW) media, supplemented with 0.01-2 mg/L auxin,
0.4—4 mg/L cytokinin, or a combination of both. The
cultures are maintained under a 16-h light/8-h dark
photoperiod at 25+2 °C. Shoot regeneration typically
occurs within 4-8 weeks, depending on the media
composition and growth regulator concentrations.
The regenerated shoots are then transferred to root
induction media, either half-strength Woody Plant
Media (WPM) or full-strength DKW media, contain-
ing 0.1-2 mg/L of auxin. Root development is observed
within 4 weeks under the same environmental condi-
tions. The regenerated plantlets are then acclimatized
in pots containing a mixture of peat and perlite (2:1)
under >85% relative humidity in the growth chamber.
After initial acclimatization, the plantlets are gradu-
ally transferred to an open plastic tunnel or greenhouse
for 15-30 d to complete the hardening process. This
transitional phase is essential for adapting the crops
to external conditions, ultimately improving survival
and establishment rates upon their transfer to the field
(Fig. 2) (Pérez-Tornero et al. 2010).

Recalcitrant horticultural crops exhibit both direct and
indirect regeneration, which are influenced by factors such
as the chemical composition of the growth medium, plant
growth regulators (PRGs), and controlled environmental
conditions (Long et al. 2022). Several recalcitrant species,
including Garcinia mangostana, Ixora coccinea, Ixora ful-
gens, Citrus limon L., Shorea robusta, Avicennia marina,
Citrus limon ‘Kaghzi Kalan, Coffea arabica, Artocarpus
heterophyllus, Calophyllum brasiliense, Cucumis melo,
Theobroma cacao, Piper aduncum, Piper hispidinervum,
and Kinnow mandarin, have been successfully regener-
ated, though their regeneration responses vary depending
on timeframes and controlled environmental conditions
(Table 1) (Ochatt 2024). Specific media compositions and
PRGs have demonstrated significant potential in facilitat-
ing both direct and indirect regeneration via nodal culture
(Mosoh et al. 2024). However, further research is neces-
sary to explore regeneration in additional recalcitrant spe-
cies by refining media formulations and phytohormonal
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Fig. 2 Schematic diagram of the protocol for direct and indirect plant regeneration of recalcitrant horticultural crops via nodal culture. Direct shoot
regeneration occurs from nodal meristematic regions without callus formation, while indirect regeneration involves callus initiation prior to shoot
differentiation. PGRs, plant growth regulators; WPM, Woody Plant Media; DKW, Driver-Kuniyuki; MS, Murashige and Skoog

interventions. Given its efficiency, nodal culture offers sub-
stantial contributions to advancing the development of biotic
and abiotic stress-resistant plant populations (Pumisutapon
et al. 2012). Puijalon (2008) investigated the regeneration
capacity of rhizome explants under various abiotic stresses,
including exposure to warm water, hot air, cold water, and
sodium chloride, revealing the beneficial effects of these
treatments. Similarly, Jose and Thomas (2015) demonstrated
the positive impact of abiotic stresses on shoot regeneration
in Curcuma caesia rhizome segments under in vitro condi-
tions. Advances in gene profiling have identified molecular
markers linked to plant regeneration. Notably, RAP2.6L
(At5g13330), a member of the ERF/APETALA?2 transcrip-
tion factor (TF) family, has been identified as a key regula-
tor during the early stages of shoot induction. RAP2.6L is
thought to regulate the expression of multiple genes essential
for shoot regeneration (Che et al. 2006). Ravindran (2007)
observed significant variability in the regeneration capacity
and stress tolerance of different plant cultivars. Moreover,
the application of nanoparticles (NPs) has shown promise
in enhancing tissue culture outcomes. NPs influence callus
induction, organogenesis, somatic embryogenesis, soma-
clonal variation, genetic transformation, and secondary
metabolite production. Their antimicrobial efficacy depends
on factors such as particle size, type, distribution, and dimen-
sions (Kim et al. 2017). However, the precise mechanisms
through which NPs modulate regeneration remain poorly

understood and warrant further investigation. Regenerated
horticultural crops from these protocols can be integrated
into speed breeding programs and CRISPR/Cas-based
genome editing techniques within controlled environments.

Biochemical mechanisms underlying plant regeneration
via nodal culture

Immature nodal explants synthesize a wide array of bio-
molecules, including alkaloids, terpenoids, and both pri-
mary and secondary metabolites, which are critical for
shoot and root regeneration. These compounds serve not
only as defense agents but also play active roles in regu-
lating regenerative processes. Alkaloids and terpenoids,
acting as signaling molecules, influence gene expression
and activate pathways that enhance meristematic activity,
thus facilitating the initiation of new shoots and roots.
Specific terpenoids, for example, modulate the activity
of plant hormones such as cytokinins and auxins, which
are essential for cell division, differentiation, and organo-
genesis. Alkaloids also help modulate stress responses,
thereby enhancing the explant’s adaptability to in vitro
conditions and improving regeneration efficiency. Pri-
mary metabolites, such as sugars and amino acids, pro-
vide the necessary energy and building blocks for tissue
formation and cellular differentiation. Concurrently, sec-
ondary metabolites, synthesized in response to wound-
ing or culture stress, create a protective environment that
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mitigates oxidative damage and supports tissue viability.
Optimizing culture conditions—such as media composi-
tion, temperature, photoperiod, and plant growth regu-
lators (PGRs) concentration—can significantly boost
secondary metabolite production (Isah et al. 2018). The
careful selection of media, supplemented with essential
macro- and micro-nutrients, along with hormones like
auxins, cytokinins, and gibberellins, further promotes
metabolite synthesis (Cardoso et al. 2009). Nutrient
metabolism, plant hormone signaling, and ROS regula-
tion are pivotal in modulating regeneration processes in
these crops (Faizan et al. 2023; Elhiti and Stasolla 2014).
Plant tissue culture techniques, such as callus induction,
cell suspension, and shoot cultures, are commonly used
to produce biomass for in vitro secondary metabolite
synthesis. Among these, immature nodal explants offer
distinct advantages for regeneration due to their respon-
siveness to specific culture stimuli (Guerriero et al. 2018).
Under controlled environmental conditions, ROS stimu-
late key physiological and molecular processes, including
programmed cell death, plant hormone signaling, and
cell division, all of which contribute to shoot induction
(Bidabadi and Jain 2020). While ROS are traditionally
associated with stress, in tissue culture, they act as posi-
tive regulators of apoptosis, metabolic activation, and
signal transduction, essential for regeneration (Luo et al.
2019). However, further studies are required to clarify
the gene regulatory networks involved in ROS-mediated
regeneration and their specific role in recalcitrant plant
species (Fig. 3).

Lastly, the biosynthetic pathways within nodal explants
are responsible for producing regulatory molecules and
assimilates essential for plant research (Zhumanova et al.
2024). Future research should focus on characterizing
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these enzymatic pathways, identifying key precursor
molecules and end products, and investigating the
expression of genes involved in these biosynthetic routes,
particularly in recalcitrant species. Such insights could
significantly advance our understanding of regeneration
mechanisms in difficult-to-propagate crops.

Cellular mechanism of plant regeneration

The anatomical structures of plant explants vary sig-
nificantly across species. For instance, leaf explants from
Arabidopsis thaliana consist of procambium and vas-
cular parenchyma cells, while cereal crop leaf explants
contain bundle sheath cells and immature vascular cells.
Root explants also display species-specific differences: in
Arabidopsis, the root is primarily composed of xylem-
pole pericycle cells, whereas in cereal crops, the roots are
predominantly made up of phloem-pole pericycle cells
(Hu et al. 2017). In leaf explants, two types of vascular
bundle sheaths form: an inner and an outer sheath. The
inner sheath exhibits active cell division, while the outer
sheath contributes to callus formation. In root explants,
the phloem-pole pericycle initiates callus formation, with
lateral roots facilitating organ development. Both root tip
and lateral root explants rely on phloem-pole pericycle
cells to activate callus formation (Zeng et al. 2016). These
regenerative processes are regulated by specific TFs that
control the cell cycle, founder cell initiation, and cal-
lus development. For example, WUSCHEL-RELATED
HOMEOBOX 11 and 12 (WOX11/12) drive founder
cell division in both root and leaf explants, while WOX5
further promotes the conversion of founder cells into
undifferentiated parenchymatous cells, facilitating callus
or wound tissue formation (Liu et al. 2014). The inter-
nal structures of explants also influence cell division,

— Cell division

signaling

43

L— Enzymatic

Plant
regeneration

biosynthetic
pathways

Fig. 3 Biochemical mechanisms of plant regeneration in nodal culture. The figure illustrates key hormonal and biochemical responses in nodal
explants during plant regeneration. Cytokinin-rich media stimulate meristem activation by inducing genes like WUS, STM, and CYCD, while ROS

like H,0, acts as signaling molecule for cell reprogramming. Enhanced activity of antioxidant enzymes (SOD, CAT, APX) helps maintain redox
balance. Secondary metabolites modulate hormone levels and tissue responsiveness, collectively promoting successful shoot initiation and plantlet

development. ROS, relative oxygen species
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callus formation, and organogenesis (Zai and Xu 2021).
In nodal explants, specific tissues likely contribute simi-
larly to these regenerative processes. TFs that regulate
cell differentiation, de-differentiation, and transforma-
tion play a pivotal role in this context (Fambrini et al.
2022). However, further research is required to iden-
tify the internal cellular components in nodal explants
responsible for these activities, including the modulation
of TF expression (Fig. 4).

Mechanism of gene regulation in recalcitrant horticultural
crops regeneration

Organized culture media and crop growth regulators,
particularly auxins and cytokinins, are essential for pro-
moting plant regeneration via nodal culture (Pasternak
and Steinmacher 2024). The wounding response at the
nodal explant site triggers a localized accumulation of
auxin and cytokinin, two critical phytohormones that
initiate cell dedifferentiation and either promote cal-
lus formation or direct organogenesis. Immature nodal
explants often respond to callus induction when treated
with auxin (2,4-D) and cytokinin. Auxins, through the
regulation of biosynthesis genes (e.g. YUCCA family),
auxin transport proteins (e.g. PIN), and Auxin Response
Factors (ARFs), initiate somatic embryogenesis, callus
formation, and root organogenesis. Cytokinins promote
shoot induction by modulating TFs such as WUSCHEL
(WUS), partly through the activation of type A and type B
Arabidopsis response regulators. Specific genes and TFs
are essential for the auxin response to 2,4-D, facilitating
callus formation (Fan et al. 2022). Notably, members of
the tryptophan aminotransferase family (TAA/YUCCA/
YUC, YUCCAL, YUCI1, YUC4) and N-acetylcysteine
(NAC), no apical meristem (NAM), and Arabidopsis
Thaliana Activation Factor 1 and 2 (ATAF1, ATAF2)
influence auxin synthesis and signaling (Yang et al
2023). Additionally, TFs like wound-induced dedifferen-
tiation 1 (WIND1) and histone modifications, including
H3K9/14 acetylation and H3K27 methylation, regulate
callus formation and wound response in immature nodal
explants (Li et al. 2024). The auxin-to-cytokinin ratio is
critical for stimulating both root and shoot regeneration
from immature nodal explants (Hill and Schaller 2013).
Understanding these signaling pathways, particularly
those influenced by phytohormones, is central to genetic
engineering efforts aimed at improving the regenerative
potential of explants in tissue culture. Histidine-contain-
ing phosphotransfer (HPt) proteins, critical mediators
of phosphate signaling, regulate cytokinin-responsive
genes (To et al. 2014). Upregulating genes involved in
cytokinin regulation enhances cytokinin sensitivity
during the multiplication phase, offering a strategy to
overcome recalcitrance in in vitro plant regeneration.
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High auxin concentrations favor root formation, while
elevated cytokinin levels promote shoot regeneration
(Mazri et al. 2022). Key regulatory genes and TFs such
as histidine protein kinases (AHKs) and histidine phos-
photransfer proteins (AHPs) activate the cytokinin
signaling pathway (Hoang et al. 2021). TFs like WUS,
Enhancer of Shoot Regeneration 1 and 2 (ESR1, ESR2),
and Cup-shaped Cotyledon 1 and 2 (CUC1, CUC2) reg-
ulate shoot regeneration from immature nodal explants
(Rasheed et al. 2024). Furthermore, TFs such as Lateral
Organ Boundaries Domain 16 and 29 (LBD16, LBD29)
and WOX5 influence auxin-regulated root development,
with WOX11, WOX12, LBD16, LBD29, WOX5, and
ARFs playing vital roles in root generation (Ikeuchi et al.
2019). Several regulatory genes, including KNOTTED1
(KN1), Shoot Meristemless (STM), WUS, and CLAVATA
1-3 (CLV1-3), play pivotal roles in shoot regeneration
by coordinating cytokinin receptor activation, cell cycle
progression, and shoot meristem formation (Zhang and
Lemuax 2004; Riou-Khamlichi et al. 1999; Kareem et al.
2015). During embryogenesis, TFs like CUC1 and CUC2
are essential for regenerating shoot meristems, activated
by PLETHORA TFs (PLT3, PLT5, and PLT7) (Kareem
et al. 2015). Wounding induces the expression of key
genes, such as PLT1, PLT2, CUC1, CUC2, and WIND1-
4, which facilitate the acquisition of pluripotency at the
wound site (Gordon et al. 2007; Motte et al. 2014). Upon
transfer to cytokinin-enriched shoot induction media,
the regulation of WUS expression significantly enhances
shoot regeneration (Chatfield et al. 2013). Furthermore,
TFs such as ESR1 and ESR2 promote embryogenesis and
shoot formation by upregulating CUCI in response to
cytokinin-rich conditions (Kirch et al. 2003).

Root regeneration, particularly in auxin-rich environ-
ments, is regulated by WOX11 and WOX12, which acti-
vate downstream genes such as LBD16 and LBD29, and
subsequently WOX5 (Ikeuchi et al. 2016; Liu et al. 2014).
The LBD and WOX5 families also play pivotal roles in
lateral root development (Goh et al. 2012). Specific ARFs
regulate WOX11 expression during root regeneration
from leaf explants. Additionally, WIND1, a member of
the APETALA2/ethylene-responsive element-binding
family, is essential for promoting regenerative compe-
tence (Iwase et al. 2011). While WIND1 does not directly
induce somatic embryo formation, it is critical for callus
induction during indirect somatic embryogenesis, acting
upstream of LEAFY COTYLEDON 2 (LEC2) (Iwase et al.
2015). Together, these TFs and regulatory genes coordi-
nate both direct and indirect plant regeneration within
nodal culture systems (Table S1). Further research is
required to deepen our understanding of the gene regula-
tory networks and identify key factors that can enhance
callus and plant regeneration, particularly in recalcitrant
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1 regulates founder cell division, while WOX 5

governs the transition from founder cells to callus formation. WOX5 or WOX11 and WOX12, WUSCHEL RELATED HOMEOBOX 5 or 11 and 12

crop species (Fig. 5). Given the conceptual and mecha-
nistic overlap among various regeneration systems, it
is scientifically plausible to hypothesize that these TFs

and signaling pathways also function in nodal culture-
based regeneration, although direct functional validation
remains an open research area. Recalcitrance in tissue
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culture, especially during nodal explant regeneration,
often arises from insufficient or delayed activation of key
TFs involved in cell dedifferentiation, organogenesis, and
meristem formation. Traditional methods, relying solely
on external hormone supplementation (auxin, cytokinin),
may fail to activate these transcriptional programs, par-
ticularly in species with inherently low regeneration
capacity. A promising strategy to overcome this limita-
tion is the use of CRISPR-based gene activation systems
(CRISPRa), which can directly induce the expression
of regeneration-associated transcription factors at the
genomic level.

Integration of nodal culture with speed breeding
techniques in recalcitrant horticultural crops

Speed breeding, an advanced technique, overcomes
the limitations of traditional breeding by utilizing con-
trolled environments to accelerate plant growth, par-
ticularly the transition from vegetative to reproductive
stages. Concurrently, nodal culture enables rapid,
clonal propagation while maintaining genotype integ-
rity and producing disease-free crops, even in species
with poor seed germination or rooting ability. The
integration of these two strategies offers a promising

solution for recalcitrant crops, enhancing propaga-
tion speed, genetic improvement, and uniformity
while overcoming challenges like low rooting capacity,
contamination risks, and genotype specificity. When
combined with speed breeding, nodal culture sup-
ports rapid turnover of growth cycles by optimizing
factors such as photoperiod, light intensity, and CO,
enrichment, all vital for accelerating both vegetative
and reproductive growth (Potts et al. 2023). Imma-
ture nodal segments promote uniform regeneration
responses, reducing variability and increasing experi-
mental reproducibility. Moreover, the controlled con-
ditions inherent to nodal culture reduce microbial
contamination and physiological stress, supporting
continuous propagation (Babu et al. 2022). By integrat-
ing these techniques, researchers can swiftly progress
generations of recalcitrant crops, enabling faster selec-
tion of desirable traits and significantly reducing the
time needed to achieve genetic improvements (Ben-
nur et al. 2025). For example, in vitro cultured nodal
segments generate healthy plantlets, which are then
transitioned to speed breeding chambers for acceler-
ated growth and flowering. This system is particularly
beneficial for complex-genome crops like sugarcane,
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where conventional breeding cycles are lengthy. Nodal
culture provides uniform starting material, and speed
breeding accelerates generation turnover, allowing
researchers to complete multiple breeding cycles in
a condensed timeframe. Thus, nodal culture comple-
ments speed breeding methodologies, advancing the
rapid propagation and genetic enhancement of recalci-
trant crops (Lone et al. 2020).

In this method, sterilized immature nodal segments
from recalcitrant crops are cultured in specialized
media to induce organized regeneration under con-
trolled conditions. The regenerated populations are
analyzed with advanced molecular techniques such
as gene-specific primers, polymerase chain reaction
(PCR), and autoradiography to distinguish between
non-chimeric (fully transformed) and chimeric (par-
tially transformed) individuals (Ahmad 2023). Non-
chimeric plant lines are further advanced using speed
breeding protocols within controlled environments
to develop improved varieties and seed production.
This approach accelerates the development of crops
with enhanced traits, including improved resistance
to biotic and abiotic stresses, biofortification, and bet-
ter adaptation to climate-smart agricultural practices.
Integrating non-chimeric regenerated populations
into speed breeding systems ensures the production of
healthy, high-performing crops under optimized con-
ditions (Fig. 6) (Oyebamiji et al. 2024).

Integration of nodal culture with CRISPR/Cas-based gene
editing systems

Traditional genetic modification methods often rely on
tissue culture-based transformation, which proves inef-
ficient for recalcitrant crops like sugarcane and certain
tree species. The CRISPR/Cas system offers a precise
alternative, enabling targeted gene editing without the
need for labor-intensive tissue culture protocols, allowing
for direct manipulation of genes of interest (Altaf et al.
2024). In crops where traditional tissue culture presents
challenges, nodal culture serves as an effective platform
for CRISPR/Cas-mediated genetic modifications, offer-
ing a viable solution for efficient regeneration of trans-
genic crops, particularly in recalcitrant species. This
technique is especially advantageous for polyploid crops,
such as sugarcane, where multiple genomes complicate
conventional breeding approaches (Zhang and Yang
2024). CRISPR/Cas can precisely target specific haplo-
types or alleles, facilitating more accurate genetic modi-
fications. Moreover, CRISPR/Cas accelerates breeding by
enabling targeted mutagenesis of genes associated with
drought tolerance, disease resistance, and yield enhance-
ment, thereby bypassing the extensive backcrossing and
breeding cycles characteristic of traditional breeding (Rai
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et al. 2023). Its high precision reduces off-target effects,
ensuring that mutations are confined to the desired
loci, a critical advantage for non-model or recalcitrant
crops. Furthermore, CRISPR/Cas-based editing ensures
biosafety by controlling gene flow and pollen transfer.
Integrating CRISPR/Cas with nodal culture reduces the
time, cost, and complexity of genetic modification in
recalcitrant crops, unlocking new potential for acceler-
ated crop improvement (Mishra and Pandey 2024). Addi-
tionally, regeneration via nodal culture can support the
development of crops with enhanced resilience to both
biotic and abiotic stresses, as well as improved nutritional
qualities (Monthony 2021).

In this approach, sterilized immature nodal segments
from recalcitrant horticultural crops are transformed
using the CRISPR/Cas system. These transformed
explants are cultured on basal media, supplemented
with optimized concentrations of auxins, cytokinins,
or organic additives, to induce direct or indirect plant
regeneration under controlled environmental conditions
(Bennur et al. 2025). Regenerated crops are evaluated
using gene-specific primers, PCR, and autoradiography
to differentiate between non-chimeric (fully transformed)
and chimeric (partially transformed) individuals. Non-
chimeric horticultural crops are then used to develop
population lines with enhanced traits, such as improved
stress tolerance, biofortification, and better seed germ-
plasm quality (Fig. 7) (Chatterjee et al. 2025). Successful
regeneration of gene-edited crops through nodal culture
and the CRISPR/Cas system has been demonstrated in
several recalcitrant species, including citrus, mini-citrus,
and sugarcane (Kelly et al. 2025; Chatterjee et al. 2025)
established an in planta genome-editing strategy for soil-
grown citrus seedlings, utilizing Agrobacterium tumefa-
ciens to transiently deliver three key functional modules:
(i) a genome editing construct, (ii) a shoot regeneration
module, and (iii) an enhanced T-DNA delivery system.
The shoot regeneration module consists of a cassette
encoding developmental regulators (DRs), specifically
WUS (ZmWUS2) and STM (AtSTM), which promote
de novo shoot organogenesis, enabling the recovery of
genome-edited citrus crops directly from treated tissues.
However, this combined approach has yet to be broadly
applied to other recalcitrant crops or a wider range of
agricultural and horticultural species. Expanding these
methodologies could unlock new potential for efficient,
non-chimeric regeneration in various economically sig-
nificant species. Future research should focus on integrat-
ing nodal culture with CRISPR/Cas systems to enhance
genetic transformation and regeneration efficiency in
diverse recalcitrant agricultural and horticultural crops
(Table 2). Incorporating speed breeding techniques
alongside CRISPR/Cas in controlled environments could
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Fig. 6 Integrated approach for enhancing regeneration in recalcitrant horticultural crops using nodal culture and speed breeding. A streamlined
strategy combining nodal culture with speed breeding to enhance regeneration and genetic transformation efficiency in recalcitrant plant species.
Nodal explants from elite genotypes are cultured on optimized media under controlled conditions to induce direct or indirect organogenesis.
Regenerated plantlets are then advanced through speed breeding protocols—extended photoperiods, controlled temperature, high light intensity,

and elevated CO,—to accelerate growth and generation turnover

further accelerate the development of improved crop
varieties, contributing to global food security and climate
change mitigation. Moreover, exploring soilless nodal
culture techniques in controlled environments holds
promise for advancing sustainable regenerative methods
in agriculture (Monthony 2021).

Challenges in the nodal culture of recalcitrant horticultural
crops

Nodal culture in recalcitrant crops poses several chal-
lenges that hinder efficient in vitro propagation and
genetic enhancement. These crops often exhibit poor
shoot and root induction due to intrinsic factors such
as limited axillary bud activation and reduced regenera-
tive potential. Success is further complicated by genotype
dependence, the necessity for precise hormonal bal-
ance, and difficulties in adapting plant tissues to in vitro

conditions. A significant challenge is somaclonal vari-
ation, which can lead to undesirable genetic alterations
during tissue culture, affecting the stability and uniform-
ity of regenerated plants. Explant browning on solid
media, often caused by oxidative stress, reduces cellular
viability and hampers regeneration. Strategies to mitigate
this include the incorporation of antioxidants like ascor-
bic acid or citric acid, subculturing, and maintaining
low-light conditions. The adaptation and acclimatization
phases are also sensitive to environmental fluctuations,
which can negatively impact the survival of regenerated
crops (Abdalla et al. 2022). Furthermore, the scarcity
of key growth regulators such as auxins and cytokinins
often necessitates co-culturing, allowing explants to
share nutrients and signaling molecules, thereby enhanc-
ing both shoot and root regeneration. Without optimal
media composition and growth regulator formulations,
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legumes, and certain monocots

regeneration efficiency declines significantly (Coggins
et al. 2014). The physiological age of explants also affects
success rates, with older tissues generally exhibiting lower
regenerative capacity (Lardon and Geelen 2020). Addi-
tionally, genetic variability in regenerated crops may alter
critical traits, complicating the maintenance of desired
phenotypes. Technical challenges, such as sterilization
difficulties, contamination, and media optimization, fur-
ther exacerbate the issues with nodal culture. Bacterial
and fungal contamination, particularly from endophytes,
remain persistent problems (Nair 2014). These microor-
ganisms, often residing within plant tissues at the time
of collection, are resistant to surface sterilization and
can persist through multiple subcultures. Endophytic
bacteria, commonly found in cell junctions or intercel-
lular spaces of cortical parenchyma, are especially diffi-
cult to eliminate and can compromise long-term culture
viability (Ahsan et al. 2025). Formulating an appropriate

culture medium is another critical challenge, as recal-
citrant species have diverse nutritional requirements,
demanding careful optimization of growth regulator
types and concentrations (Gunson and Spencer-Phillips
1994). The slow growth rates and challenges in establish-
ing stable cultures further contribute to the time-con-
suming nature of nodal culture in these species (Eziashi
et al. 2014). Together, these biological and technical bar-
riers emphasize the need for extensive protocol optimi-
zation and species-specific adjustments to enhance the
success of nodal culture in recalcitrant crops.

Conclusions

Nodal culture, an advanced plant tissue culture tech-
nique, has demonstrated considerable success in regen-
erating various plant species under controlled conditions.
However, despite its proven efficacy in horticultural spe-
cies such as Ixora species, Ixora fulgens, Citrus limon
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L., Shorea robusta, Cucumis melo L., Avicennia marina,
Persea americana, Coffea arabica, and Theobroma cacao
L., its integration with gene-editing platforms like the
CRISPR/Cas system remains limited, especially in recal-
citrant agricultural and horticultural crops. This rep-
resents a significant opportunity for innovation, as the
synergistic combination of nodal culture and genome
editing could dramatically improve regeneration effi-
ciency and transformation success in challenging spe-
cies. There is an urgent need to explore the regeneration
potential of species with low in vitro responsiveness,
refine genetic improvements in elite germplasm, and
conserve both recalcitrant and climate-sensitive geno-
types. These objectives are vital for addressing global
food security, climate resilience, and sustainable agri-
cultural development. Moreover, understanding the
molecular and epigenetic barriers that limit regenera-
tion competency in nodal tissues across diverse species
is critical. There is also a gap in knowledge regarding the
role of key transcription factors and responsive genes in
mediating the complex transition from dedifferentiation
to redifferentiation during direct and indirect regen-
eration pathways. Another key area of uncertainty is the
precise role of ROS, which, in addition to functioning
as stress signals, may influence hormonal crosstalk and
cellular fate decisions through intricate signaling net-
works. Addressing these questions through integrative,
interdisciplinary research is crucial for advancing nodal
culture-based regeneration and its coupling with modern
gene-editing technologies. One promising avenue is the
application of synthetic biology to engineer customizable
regulatory circuits that control transcriptional activation,
hormone signaling, and ROS responses. The incorpora-
tion of synthetic promoters, inducible gene switches,
and orthogonal transcription factor systems into nodal
explants could fine-tune regeneration pathways in a
species-specific manner. Furthermore, integrating nodal
culture with speed breeding platforms and multi-omics
analyses under controlled, soilless systems would accel-
erate trait development and enable functional validation
of edited lines in horticultural crops. The convergence
of nodal culture, CRISPR/Cas technology, and synthetic
biology offers a transformative approach for improving
recalcitrant species. This integrated platform not only
enhances genetic advancements but also supports global
efforts towards sustainable agriculture, food security, and
climate resilience.
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