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Insights from tissue culture and omics approaches for advancing coconut biotechnology

	ABSTRACT: Coconut (Cocos nucifera L.) serves as a cornerstone of tropical and subtropical agricultural economies, supporting the livelihoods of millions of farming households. Yet, coconut production remains constrained by pressing challenges such as climate change, increasing pest and disease pressure, aging plantations, and the inherently slow and genetically variable nature of traditional seed-based propagation. Conventional methods, while foundational, are limited by prolonged juvenile phases, genetic heterogeneity, disease susceptibility, and extended cultivation timelines. The socio-economic significance of the palm combined with the need for scalable production of elite quality plants, has prompted the adoption of in vitro culture techniques to optimize clonal multiplication and crop improvement. Remarkable progress in coconut biotechnology has introduced somatic embryogenesis, androgenesis, and cryopreservation as pivotal tools to address these bottlenecks, offering novel solutions for accelerated breeding, germplasm conservation, and mass production of uniform planting material. Nonetheless, widespread adoption of these innovations is hampered by persistent hurdles including tissue recalcitrance, low regeneration frequencies, and genetic instability in vitro. To fully realize the transformative potential of coconut tissue culture, ongoing research and technological advancements are essential for improving protocol reproducibility, enhancing genetic fidelity, and standardizing regeneration systems. Omics approaches enhance coconut tissue culture by elucidating molecular mechanisms through integrated analyses of the genome, transcriptome, proteome, and metabolome, This review highlights the current progress in coconut tissue culture based on the reports available as well as the results from our own lab, critically examining methodologies, applications, technical challenges, and the future directions required for sustainable crop improvement and conservation.
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INTRODUCTION
The coconut palm (Cocos nucifera L.), coming under the family Arecaceae of class Monocots and the only surviving species of the genus Cocos, is distinguished by its exceptional phenotypic plasticity and vast economic utility. Revered as the “Kalpavriksha,” this species is recognized for its multifaceted contributions ranging from food and industrial materials to traditional medicine, thereby underpinning its status as an indispensable resource in tropical and subtropical agroecosystems (Alshawwa et al. 2019; Dean et al. 2021). Despite its significance, production remains below demand due to widespread senescence and disease in plantations, particularly in Kerala. Propagation through seeds—the current exclusive method—has proven inadequate for plantation rejuvenation (Batugal et al. 2009). The species is highly heterozygous, predominantly cross-pollinated, and long-lived, resulting in wide genetic variability in morphology, yield and quality parameters among progeny (Namboothiri et al. 2008), which can be assessed comprehensively only after a prolonged juvenile phase. This constraint hampers breeding programs and delays the dissemination of elite genotypes. Consequently, breeding for crop improvement remains a protracted and complex process, insufficient to supply the required planting material in time for replacing old and diseased palms (Mu, 2020). Addressing this challenge necessitates integrated breeding and propagation strategies. 
Clonal propagation of high-yielding, disease-resistant hybrids and cultivars offers genetic uniformity and provides elite parental stocks for breeding programs. However, conventional vegetative propagation methods such as cutting and grafting are unsuitable due to the palm’s single trunk, solitary apical meristem, and absence of adventitious shoots or suckers (Karan, 2017). In vitro propagation through tissue culture represents a viable alternative for clonal multiplication within shorter timelines. Nevertheless, C. nucifera is considered one of the most recalcitrant species for in vitro regeneration (George, 1996), and global efforts toward successful clonal propagation have yielded limited progress. Current research in coconut tissue culture is primarily directed at two objectives: large-scale production of disease-free, high-quality planting material of specific varieties, and long-term conservation and international exchange of germplasm.
TECHNICAL BOTTLENECKS 
Despite progressive refinements in culture techniques, in vitro regeneration of coconut remains inherently slow and inefficient, characterized by prolonged response times and a low frequency of somatic embryogenesis. 

1. Explant: The ability of coconut tissues to undergo totipotency in vitro is highly heterogeneous, with performance varying markedly between explant sources. Genomic difference (Iyer, 1993), activated charcoal (Verdeil, 1995), physiological maturity and type of the explant plays significant role in causing variability of culture. Selection of most responsive explant (type, size and age) and culturing tissues in media with different hormone levels to accommodate the different sensitivity of palms and the stages of explant growth is the most important factor which governs the success of regeneration of coconut in vitro.  Generally younger tissues are best in tolerating the phytohormonal concentration for dedifferentiation (Aloni, R. and Plotkin, T., 1985). 

In our experiments comparing leaf and inflorescence explants, callus formation occurred within a month from immature leaf tissues (Fig. 1.1) whereas immature inflorescences (Fig.1.2) required approximately 2months days for callus initiation initially, which could potentially be reduced to 45 days in subsequent experiments. Moreover, with respect to developmental stage, immature leaf and inflorescence exhibited a higher responsiveness than mature ones accompanied by reduced phenolic exudations.
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Fig. 1 1. Callus from immature leaf explant 2. Callus from immature inflorescence 3. Tissue browning and necrosis

2. Slow response:  Callogenesis in particular is markedly sluggish, often requiring several months before initiation. Asemota and Eke (2009) documented callus formation only after 3–5 months of culture, whereas subsequent optimization of medium composition reduced the initiation period to approximately 3.5 months (Nwite et al. 2016). In our investigations, however, the first signs of callogenesis were detectable within 60 days of inoculation, with sustained callus proliferation observed for up to nine months without visible browning. (Fig. 1.2)  Nevertheless, other studies have reported faster initiation within four weeks, though such cultures exhibited significant browning after two additional weeks of callus proliferation (Nwite et al. 2024). These contrasting outcomes underscore the need for further refinement of culture protocols to minimize the lag phase and simultaneously suppress phenolic accumulation during prolonged culture. 

3. Abnormal somatic embryos: Even with successful callus induction, the embryogenic potential of coconut remains intrinsically low. Somatic embryo development is typically delayed, commencing only six to eight months after culture initiation, and is frequently incomplete. The embryos often appear fused or morphologically abnormal, exhibiting enlarged cotyledonary structures that may successfully produce roots but fail to differentiate into shoots (Branton and Blake, 1983; Blake, 1990). Hunault (1979) further observed that such embryos, despite their considerable rooting capacity, were unable to regenerate viable shoots, reflecting a regenerative limitation commonly encountered among monocotyledonous species. In our lab also, similar results were obtained (Fig. 1,3,4 &5) but the cultures failed to produce shoots.
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Fig.2. 1,2 &3 Different stages of root initiation and proliferation 

4. Excessive phenol interference: A major impediment to the success of coconut tissue culture is the pervasive incidence of tissue browning (Fig. 1.3), which arises primarily from the oxidation of phenolic compounds secreted by explants during in vitro culture. As observed across many tropical species, during in vitro culture, explants not only exhaust nutrients from the surrounding medium but also release secondary metabolites, especially polyphenols, which upon oxidation yield quinones. These quinones form irreversible covalent bonds with proteins, generating a toxic milieu that drives cytotoxic browning and progressive tissue necrosis. This oxidative process results in cellular toxicity, inhibition of growth, and eventual death of the cultivated tissues (Jones, 1974; Nwankwo and Krikorian, 1983). The problem is particularly severe in coconut, as its tissues are inherently recalcitrant and naturally contain high levels of phenolic compounds that oxidize rapidly even when there is slightest injury in any of the tender regions of the palm. This condition is further intensified by the pronounced sensitivity of coconut tissues to synthetic auxins, most notably 2,4-dichlorophenoxyacetic acid (2,4-D), wherein elevated concentrations accelerate phenolic metabolism and intensify oxidative stress (Veredit et al. 1992). Such intensive browning and the associated loss of explants thus represent the principal barrier to the reliable establishment of coconut tissue cultures. 
These persistent constraints represent critical bottlenecks in coconut micropropagation and underscore the necessity for systematic protocol refinement and innovative approaches to overcome the intrinsic recalcitrance of this economically important palm.

MITIGATION STRATEGIES FOR PHENOL OXIDATION
1. Media constituents: Consequently, remedial measures are indispensable for successful culture establishment. The use of antioxidants and phenol-binding agents, either as medium supplements or through explant pretreatments, has been widely recognized as effective in mitigating phenolic oxidation and associated browning. For example, supplementation of Y3 medium with polyvinylpyrrolidone (0.1%) and activated charcoal (0.1%) markedly decreases tissue browning (Siny, 2006). Similarly, the incorporation of antioxidant mixtures comprising citric acid (5 g L⁻¹) and ascorbic acid (1 g L⁻¹), combined with reduced concentrations of 2,4-dichlorophenoxyacetic acid (<25 mg L⁻¹), has been demonstrated to significantly limit phenolic oxidation (El-Gioushy et al. 2020). In addition, silver nitrate (AgNO₃), applied at concentrations between 0.1% and 0.3%, has proven effective in suppressing browning in coconut inflorescence cultures (Nwite et al. 2018).
Our investigations further elucidate the indispensable function of activated charcoal (AC) in mitigating phenolic browning and promoting callus proliferation in tissue cultures. Quantitative assessment revealed that decreasing AC concentration from 3 g L⁻¹ to complete exclusion resulted in an 89.44 percentage decrease in callus production and, conversely, an 85.53 percentage increase in browning. Total omission of AC resulted in callogenesis rates reducing to 9.79%, thereby underscoring the critical role of AC in optimizing coconut culture systems (Radhika R, 2019). Notwithstanding these benefits, the adsorptive properties of AC extend beyond phenolic compounds to essential phytohormones, including auxins and cytokinins. This non-selective adsorption generates undefined culture conditions that compromise reproducibility and provoke heterogeneity in explant responsiveness. Moreover, the physicochemical characteristics of AC— botanical source, activation procedures, particle size distribution, storage conditions, and commercial attribution—exert significant influence over its adsorption capacity, rendering standardization challenging (Fernando et al. 2010). As an alternative supplementation strategy we tried incorporation of a semi-solid byproduct (2%)  (Radhika R, 2019) derived from proprietary coconut inflorescence sap processing to prepare the health drink neera (Patent No. 379087). This was found effective in reducing oxidative browning while sustaining callus proliferation, thus presenting a viable adjunct or substitute for conventional AC usage.  

2. Type of explant & subculture frequency: Beyond chemical composition of the medium, browning susceptibility is modulated by culture parameters such as subculturing frequency and explant physiological state. Immature explants cultured under dark conditions with frequent subculturing displayed attenuated phenolic exudation and markedly diminished browning. Furthermore, explant source exerted a pronounced effect on browning intensity. In our lab comparative analyses of inflorescence, leaf, shoot tip, and shoot meristem explants consistently indicated that inflorescence tissues are predisposed to the highest extent of browning. This concurs with recent observations by Nwite et al. (2024), corroborating that inflorescence explants exhibit significantly greater oxidative browning relative to leaf-derived tissues.

CRITICAL DETERMINANTS GOVERNING IN VITRO MORPHOGENESIS 
The successful establishment and development of coconut tissue culture are governed by a multifaceted interplay of intrinsic and extrinsic parameters, each critically influencing cellular totipotency, morphogenetic pathways, and regeneration efficacy. Intrinsic factors encompass genetic, physiological, and cellular attributes inherent to the explant material, while extrinsic factors pertain to culture medium composition, plant growth regulator (PGR) regimes, and controlled environmental conditions. Comprehensive understanding of these determinants is essential for optimizing clonal propagation protocols and overcoming the characteristic recalcitrance of coconut tissues.
1.Type of Explant: Morphogenic plasticity and high cell division potential are the essential criteria that explant tissues must possess for successful regeneration (Su, 2002). Although a wide range of plant tissues have been used for in vitro culturing young, actively dividing meristematic and undifferentiated tissues are the most responsive and trustworthy source of explant. This stage specific response is attributed to the genetic, epigenetic and physiological changes occurring in mature cells which make them less amenable for quick in vitro response (Thorpe, 1994). 	
Extensive research has been conducted to identify most suitable explant in coconut culturing. Some tissues exhibit better response than others. Explants studied includes seedling stem (Eeuwens and Blake, 1977; Branton and Blake, 1983), rachillae of young inflorescence (Eeuwens and Blake, 1977; Branton and Blake, 1983), young leaves (Pannetier and Buffard-Morel 1982; Karunaratne et al. 1991), mature zygotic embryo (Gupta et al. 1984; Bhallasarin et al. 1986; Adkins et al. 1998; Samosir, 1998), immature zygotic embryo(Karunaratne and Periyapperuma, 1989; Fernando and Gamage 2000; Mounia Sai, 2023), apical meristem (Hagedon, 1990), anther and unfertilized ovary (Perera et al.  2009b), endosperm (Sukamto 2011), plumule ( Chan et al. 1998; Karun and Sajini 2010; Saenz et al. 2018), immature inflorescence (Siny 2006; Radhika 2019; Shareefa et al. 2019; Nwite et al.  2024), leaf (Pannetier and Buffard Morel, 1982; Raju et al.  1984; Nwite et al. 2024). The choice of explant depends on the desired regeneration method and cultivar being propagated. 
2. Culture medium: Culture medium formulation constitutes the foundational extrinsic factor shaping in vitro development and morphogenesis of coconut tissues. It plays a pivotal role in governing embryogenic callus and somatic embryo formation (Radhika and Sujatha, 2023). Commonly employed basal media include Y3 (Eeuwens, 1976) and BM72 (Karunaratne and Periyapperuma, 1989), with modifications introduced by various laboratories to accommodate specific explants and genotypes, reflecting the coconut’s heterotrophic physiology. For instance, ICAR-CPCRI has developed validated protocols for zygotic embryo culture (Karun et al. 1993) and somatic embryogenesis derived from immature inflorescences (Shareefa et al. 2016), while Sáenz et al. (2018) optimized propagation from plumule explants. 
Plant growth regulators, particularly auxins, are the primary stimulators of callogenesis and embryogenesis. Among these, 2,4-dichlorophenoxyacetic acid (2,4-D) commands central importance by inducing gene expression that governs cellular reprogramming encompassing differentiation, dedifferentiation, and redifferentiation (Su, 2002). The effective concentration of 2,4-D is influenced by explant type (Quang Thien Nguyen et al. 2015), activated charcoal presence (Verdeil, 1995), and sucrose concentration (Sáenz-Carbonell et al. 2020). Cells actively uptake 2,4-D using energy derived predominantly from sucrose metabolism, with 2,4-D reciprocally enhancing glucose assimilation, collectively fostering embryogenic competence and proembryo formation through gene regulation and synthesis of cell wall carbohydrates required for cell division and polarization (López-Villalobos et al. 2004; Rajesh et al. 2016). The required 2,4-D concentration varies dichotomously; young leaves and immature zygotic embryos necessitate relatively low levels (12–24 μM), whereas mature embryos and certain cultivars such as Malayan Yellow Dwarf demand substantially higher concentration (up to 125 μM) (Karunaratne and Periyapperuma, 1989; Fernando and Gamage, 2000; Samosir, 1999). Immature inflorescences and plumules exhibit the highest demands, with callogenesis enhanced at 250–600 μM 2,4-D (Verdeil et al. 1994; Magnaval et al. 1995; Chan et al. 1998). 
Studies by Sini (2006) reported that Y3 medium supplemented with 15mgl-1 2,4-D along with other plant growth regulators like picloram, NAA and TDZ resulted in callus induction while studies from our lab found that a higher concentration of 2,4-D (300- 600μM) gives friable callus which later produce prolific somatic embryos (Sujatha, unpublished data, 2011).  Along with this, 0.3% activated charcoal and 4% sucrose was found to stimulate over 90% callogenesis from immature inflorescences. Additional auxins, including NAA (5 μM), IAA (7 μM), and picloram (2–4 μM), have demonstrated synergistic efficacy. Notwithstanding its utility, persistent auxin exposure may induce chromosomal irregularities (Blake and Hornung, 1995), compounded by the metabolic conversion of 2,4-D into fatty acid derivatives stored as triglycerides, which suppress somatic embryogenesis even after auxin withdrawal (López-Villalobos et al. 2004). Therefore, progressive diminution or elimination of 2,4-D during sub-culturing facilitates the transition of undifferentiated callus into somatic embryogenic callus.
Cytokinins, including 6-benzylaminopurine (BAP), kinetin, thidiazuron, and 2-isopentenyl adenine, administered at 5–10 μM, enhance callus proliferation and facilitate maturation; higher concentrations (e.g., 50 μM BAP) are often requisite for efficient regeneration from plumular explants (Karunaratne et al. 1991; Chan et al. 1998). Abscisic acid (5 μM) fosters somatic embryo maturation (Fernando et al. 2003), while gibberellic acid (0.5 μM) markedly increases somatic embryo yield and germination rates (Aké et al. 2007; Montero-Cortes et al. 2010; Sáenz-Carbonell et al. 2016). Ethylene accumulation in in vitro cultures, detrimental to callus quality and quantity, can be mitigated through application of polyamines such as putrescine (7.5 mM), spermine (1.0 μM), or ethylene inhibitors like silver thiosulphate and aminoethoxyvinylglycine (Adkins et al. 1998).
 Apart from this, type of gelling agent, sucrose purity and concentration, and other media additives also significantly influence tissue morphogenesis. pH optimization is crucial for maintaining cellular enzymatic activity and embryogenic competence; deviations impair cellular functions and impede embryogenesis. 
3. Culture conditions: Light, through its duration, intensity, and spectral quality, profoundly affects organogenesis and chlorophyll biosynthesis in cultured tissues (Murashige, 1974). However, coconut explants are more prone to necrosis under light exposure than in darkness, likely due to the photodegradation of essential media components and suppression of key metabolic pathways (Samosir et al. 1998). While light does not constrain callus proliferation and maintenance, it is indispensable for embryo germination. Optimal temperature for in vitro coconut propagation is approximately 27–30°C (Fernando et al. 2010).
This intricate coordination of explant selection, culture media optimization, balanced PGR application, and controlled environmental condition management ultimately orchestrates the complex morphogenetic pathways essential for robust coconut micropropagation. The ongoing refinement of these parameters remains foundational to overcoming recalcitrance and achieving reliable, reproducible, and economically viable tissue culture protocols for this economically crucial species.

IN VITRO REGENERATION APPROACHES IN COCONUT
1. Somatic Embryogenesis: Somatic embryogenesis (SE) represents a distinctive developmental pathway whereby somatic plant cells exploit their inherent totipotency—genetically encoded cellular potential—to regenerate whole plants without gametic fusion. Since the pivotal report of somatic embryogenesis in carrot cell suspensions by Steward et al. (1958), the technique has been increasingly applied to mass propagate a variety of plant species under controlled in vitro conditions. In coconut, SE is regarded as a promising avenue for rapid generation of high-quality planting material, thereby facilitating swift rejuvenation of plantations (Kalaipandian et al. 2021).
Somatic embryogenesis (SE) in coconut has been explored for over four decades, with foundational studies by Eeuwens (1976) and subsequently Eeuwens and Blake (1977). Early work employed rachis and rachilla explants from mature palms, where nodular calli differentiated into embryogenic structures and plantlets following a reduction in 2,4-dichlorophenoxyacetic acid (2,4-D) concentration in the culture medium (Braton and Blake, 1983). Despite these pioneering efforts, the morphogenetic pathway in coconut remains only partially understood and insufficiently optimized, owing to the species’ inherent recalcitrance. Contributing factors such as hormonal imbalances, nucleocytoplasmic asynchrony, and chromatin condensation within nuclei have been correlated with the reactivation of mitotically quiescent totipotent cells towards somatic embryogenesis (Dublin et al. 1991; Jesty and Francis, 1992; Veredit, 1992). Nevertheless, substantial progress has been made in recent years, leading to improvements in SE-based clonal propagation systems (Pérez-Nez et al. 2006; Sandoval-Cancino et al. 2016). These advances demonstrate the potential of SE as a scalable approach for generating genetically uniform clones and represent a promising strategy to address the long-standing shortage of quality coconut seedlings (Kalaipandian et al. 2021).
The choice of explant is critical for the induction and efficiency of SE. Multiple tissues—including plumules (excised shoot meristems of zygotic embryos), unfertilized ovaries, and immature inflorescences—have been shown to produce embryogenic calli under 2,4-D-supplemented conditions (Pérez-Nez et al. 2006; Sáenz-Carbonell et al. 2013; Sandoval-Cancino et al. 2016). Of these, plumular explants are the most extensively studied and have enabled scalable propagation, particularly in dwarf coconut varieties. However, their utility for tall and hybrid coconuts is limited, since plumular tissues do not consistently yield true-to-type progeny in cross-pollinating populations unless sourced from controlled pollination (Kong et al. 2024).
Consequently, research has shifted toward somatic explants that can ensure genetic fidelity. Immature inflorescences, despite being technically more challenging to culture, provide meristematically rich tissue capable of generating true-to-type clones and thus hold considerable promise for commercial deployment (Sandoval-Cancino et al. 2016; Belt, 2019). Similarly, the use of unfertilized ovaries offers an attractive alternative, as these tissues—unlike zygotic embryos, which undergo genetic segregation—can produce genetically stable progeny, with fidelity confirmed in clonal plants (Perera et al. 2007, 2009; Vidhanaarachchi et al. 2013; Bandupriya et al. 2017). However, the development of efficient and reproducible SE protocols for unfertilized ovaries remains a prerequisite for their large-scale adoption. 
SE in coconut is considered a stress-induced developmental re-programming, tightly modulated by the type and concentration of plant growth regulators (PGRs) (Dantu and Tomar, 2010) as reviewed in the previous section. Typically, coconut SE follows an indirect developmental route characterized by sequential phases of callogenesis, embryo induction and germination, and acclimatization of regenerated plantlets ex vitro. Dedifferentiation of organized tissue into callus precedes embryo formation, with somatic embryos most often originating from surface or sub-surface cell layers of embryogenically determined callus (Verdeil, 1995). While reports of direct embryoid formation from vascular tissues exist (Raju et al. 1984), subsequent studies suggested these structures were root primordia rather than true embryos (Blake, 1989).
Amritha et al. 2025 reported supplementation of 15 µM 5-azacytidine, a DNA methylating agent with 75 µM picloram and 4.5 µM TDZ significantly enhanced embryogenic callus formation, somatic embryo induction, and plantlet regeneration from transverse thin cell layers of mature coconut zygotic embryos, demonstrating the role of DNA demethylation in improving in vitro regeneration efficiency.

2. Zygotic Embryo culture: Zygotic embryo culture in coconut was first attempted in the 1950s using zygotic embryos cultured in their native liquid endosperm to promote development and germination (Cutter and Wilson, 1954).  Conventionally, this method employs 10- to 14-month-old embryos, with maximum regeneration efficiency observed at 12 months post-pollination (Karan et al. 1999). This method mainly aims at conservation of rare types or difficult to propagate type like in Makapuno coconut, for germplasm collection and exchange, conservation etc.(Mu et al. 2024), rather than clonal propagation as the zygotic embryos from even the same palm show wide variability due to the cross -pollinated nature of the palm. The first complete in vitro plantlet regeneration from mature Makapuno zygotic embryo was reported a decade later (De Guzman and Del Rosario, 1964). A major milestone was the development of the Eeuwens Y3 medium (1976), characterized by reduced ammonium and nitrate nitrogen concentrations and elevated minor nutrients, aligning more closely with the natural edaphic conditions of coconut-growing regions compared to conventional MS medium (Eeuwens, 1976). Despite this, successful acclimatization of in vitro-derived plantlets in the field was only achieved nearly ten years later (Assy-Bah et al. 1989), highlighting persistent challenges such as the recalcitrant nature of embryos, slow in vitro development, and inefficient acclimatization.  Progress in the 1990s yielded multiple improved protocols globally (Ashburner et al. 1993; Triques et al. 1997; Rillo, 1998; Samosir et al. 1999), yet reproducibility and success rates have varied across laboratories, necessitating further refinement. Karan et.  al. (1999) developed an efficient protocol facilitating short-term embryo storage, immature embryo rescue, and higher seedling acclimatization rates. Additional protocols have been reported by international organizations such as FAO and Bioversity International (Engelmann and Batugal, 2002; Cueto et al. 2012), though continued optimization remains imperative. Field-to-lab transport of intact fruits poses logistical challenges due to size, weight, quarantine, and cost. Alternative methods—dissecting mature embryos and transporting them in sterile water or coconut water—increase contamination risks (Rillo and Palson, 1991). Improved protocols involve collecting and storing plugged embryos at 5 °C in ascorbic acid solution for up to two months, mitigating contamination and physiological degradation (Karan et al. 1993; Adkins and Samosir, 2002).
Culture media optimization favours the Y3 basal formulation (Eeuwens, 1976), which outperforms others in early embryonic development (Biddle et al. 2020). Solid agar media (0.8–1.5%) or sequential liquid-to-solid media are employed to support germination (Rillo, 1998). High sucrose concentrations (4–6%) are critical for osmotic adjustment and energy supply. Activated charcoal (0.1–0.2%) effectively reduces phenolic oxidation and tissue browning, enhancing culture viability (Nguyen et al. 2015). Gibberellins notably promote embryo germination (Magdalita et al. 2015), while auxins such as IBA and NAA facilitate root induction during seedling development (Ashburner et al. 1993; Rillo, 1998). Supplementation with lauric acid (75 µM), a principal coconut kernel fatty acid, further stimulates embryo growth (Lopez-Villalobos et al. 2011). Light regime critically influences in vitro development; cultures are optimally incubated in darkness at 25–31 °C for initial two months, followed by gradual exposure to 45–90 µmol·m⁻²·s⁻¹ photosynthetically active radiation to promote embryo germination and plantlet growth.

3. Direct shoot organogenesis: Direct organogenesis is another developmental pathway of direct differentiation of cells and tissues into shoot and roots (Su 2002). Despite being a method for producing clonal plantlets in large quantities, direct organogenesis is not exploited when it comes to coconut regeneration. Coconut vegetative propagation was initially believed to be possible exclusively through SE. But ineluctable chance of somoclonal variation associated will subdue this method. Reports on the formation of multiple shoots directly from the tissues of immature inflorescence of coconut marks a remarkable turnaround (Raju, 2006) and opens the possibility of using this approach for coconut clonal propagation with lower chance of accumulating spontaneous mutation (Phillips and Garda, 2019).
The general procedure for direct organogenesis in coconut begins with the selection of a suitable explant, as the plant genotype and explant type play a crucial role in shoot bud induction (Abahmane, 2011). Among the various explants, immature inflorescences (Vidhana and Weerakoon, 1997) and zygotic embryos (Chandrakala et al., 2019) are the most frequently utilized for direct shoot organogenesis. When embryos or shoot tips are used, multiple shoot primordia often emerge directly on the explant surface without an intervening callus phase. Translucent outgrowths have been reported from floral buds cultured on modified Y3 medium (Vidhana and Weerakoon, 1997), primarily under the influence of specific cytokinin concentrations. Cytokinins promote cell division in the shoot apical meristem, thereby counteracting the apical dominance maintained by auxins and stimulating bud activation. Typically, this process involves the activation of meristematic cells that divide and differentiate to form new shoots. A significant recent advancement is the development of an axillary shoot multiplication system on Y3 medium supplemented with thidiazuron (1 µM), initiated from in vitro–grown embryonic seedlings (Wilms et al., 2021). These axillary shoots, appearing as white proliferating clusters, can either regenerate into rooted plantlets or undergo further multiplication. 
Despite being a promising approach, there is still more to be done to enhance, optimize, and genetically modify the mass clonal propagation of coconut by direct shoot organogenesis. As research continues and techniques improve, direct organogenesis has the potential to become even more effective for enhancing coconut production worldwide.
4. Anther Culture
Tall coconut varieties are predominantly allogamous and exhibit a high degree of population variability. Their morpho-anatomical adaptations favoring cross-pollination and the remarkable longevity of palms pose major challenges for conventional breeding. Achieving homozygosity through selfing or backcrossing requires several decades—often spanning over 60 years—and even then, complete homozygosity is rarely attained.
Androgenesis, a biotechnological approach for in vitro haploid production through anther or microspore culture, offers a promising alternative. Although androgenesis has been successfully demonstrated in several plant species (Ochatt and Zhang, 1996), its application in woody perennials remains limited (Peixe et al., 2004). Early efforts in coconut, dating back to the 1980s, reported limited success in haploid production. Callus formation from cultured anthers was rare (Kovoor, 1981), and while multicellular proembryos were obtained (Iyer, 1981), these failed to mature. Similarly, pollen-derived embryos recovered from cultured anthers constituted less than 1% and did not develop further (Thanh-Tuyen and de Guzman, 1983). Monfort (1985) reported a few embryos with root initials and leaf primordia, yet none regenerated into complete plantlets. After these initial attempts, progress remained stagnant for more than two decades until renewed efforts emerged (Perera et.al., 2007b, 2008a, 2008b, 2008c). Perera and colleagues (2007b; 2008a) developed a protocol for regenerating plantlets via anther culture. Anthers collected from 15–20-year-old Sri Lankan Tall palms, approximately three weeks before spathe splitting, were subjected to a heat pre-treatment at 38 °C for six days and then cultured on modified Eeuwens Y3 medium (Fernando and Gamage, 2000) supplemented with 2,4-D (100 µM), sucrose (9%), and activated charcoal (0.1%). Cultures were maintained in the dark at 28 ± 1 °C for eight months, yielding a modest androgenic response (≈ 8%) (Perera et al. 2008a). The induction of androgenesis was found to be strongly influenced by the type and concentration of growth regulators (Peixe et.al., 2004). Further optimization revealed that NAA (100 µM) combined with 2,4-D (100 µM) enhanced androgenic induction, while kinetin (10 µM) and 2-iP (10 µM) together with 2,4-D (100 µM) produced the highest frequency of embryoid formation (Perera et.al., 2009b). Androgenic calli and embryoids were transferred to a maturation medium (Y3 devoid of growth regulators) after one month and maintained under a 16 h photoperiod (25 µmol m⁻² s⁻¹ PAR), followed by transfer to a germination medium (Y3 + BA 5 µM + 2,4-D 0.1 µM + GA₃ 0.35 µM) for plantlet conversion. Flow cytometric and histological analyses confirmed the haploid nature of the callus tissues and the homozygosity of regenerated plants. These findings were further validated using SSR molecular marker CNZ43, confirming the successful generation of homozygous diploid coconut plantlets (Perera et.al., 2008b).

MOLECULAR REGULATORS OF COCONUT TISSUE CULTURE
Recent advances in biotechnology have led to the development of alternative strategies to enhance micropropagation efficiency, notably by increasing the embryogenic capacity of tissues through targeted genetic interventions. The acquisition of somatic embryogenic competence involves extensive physiological and biochemical reprogramming—a process known as cell specification—which represents a pivotal genetic event in somatic embryo development (Smertenko and Bozhkov, 2014). Somatic embryogenesis (SE) in coconut is governed by a complex network of molecular regulators that coordinate cellular reprogramming, proliferation, totipotency, and embryo development. Transcriptomic studies have identified key gene families and transcription factors mediating various stages of SE.
Central to the initiation of embryogenic competence is the Somatic Embryogenesis Receptor-Like Kinase (SERK) gene, a receptor kinase that participates in signalling pathways essential for embryogenic induction. The coconut homolog, CnSERK, shows elevated expression in embryogenic calli but minimal expression in non-embryogenic tissues, confirming its reliability as a molecular marker of embryogenic potential (Perez-Nunez et al., 2009; Oropeza et al., 2016; Khan et.al., 2023). Successful cell proliferation during embryogenic callus formation is tightly regulated by Cyclin-Dependent Kinases (CDKs), particularly CnCDKA, whose expression peaks during callus induction and declines as somatic embryos mature and germinate (Montero et al., 2010; Khan et al., 2023). These kinases control critical cell cycle checkpoints, ensuring the orderly cell division required for embryogenesis. 
Transcription factors such as WUSCHEL (WUS), AINTEGUMENTA-LIKE (ANT), PICKLE (PKL), WRKY, and LEAFY COTYLEDON (LEC) play major roles in dedifferentiation, totipotency acquisition, and embryonic patterning. WUS, a homeobox gene, is highly expressed during dedifferentiation, maintaining stem cell identity and regulating shoot apical meristem formation (Montero et al., 2010). ANT controls embryonic cell proliferation and organogenesis, showing elevated expression during the globular and coleoptile stages of SE (Khan et al., 2023). PKL influences chromatin remodelling, altering the epigenetic landscape to facilitate somatic-to-embryogenic cell fate transitions. 
The Knotted-like homeobox (KNOX) genes, CnKNOX1 and CnKNOX2, display stage-specific expression, with CnKNOX1 induced mainly during the coleoptilar stage and CnKNOX2 during the globular stage, underscoring their functions in meristem maintenance and embryonic patterning (Montero-Cortés et al., 2010). The artificial induction and sustained promotion of cell division are essential for initiating the dedifferentiation of meristematic cells. Knotted-like homeobox (KNOX) proteins play a regulatory role in cell fate determination, pattern formation, and somatic embryogenesis in plants (Bueno et al., 2021). Gibberellic acid (GA₃) positively regulates CnKNOX1 expression while downregulating CnKNOX2, thereby fine-tuning SE progression (Khan et al., 2023). Additional genes such as Clavata (CLV) govern stem cell differentiation in embryogenic calli, while Glutathione S-Transferase (GST) and GERMIN-LIKE PROTEIN (GLP) contribute to oxidative stress mitigation and metabolic regulation during embryo development (Montero et al., 2010). Moreover, APETALA2/ETHYLENE RESPONSE FACTOR (AP2/ERF) transcription factors and EMBRYOGENIC CELL PROTEIN (ECP) participate in transcriptional regulation and signalling essential for SE induction and maintenance.
Hormonal signalling provides another critical regulatory layer. Auxins, particularly 2,4-dichlorophenoxyacetic acid (2,4-D), induce the expression of SERK and glutathione-related genes, activating embryogenic pathways. Cytokinins such as 6-benzylaminopurine (BAP) and abscisic acid (ABA) coordinate embryo maturation and desiccation tolerance. ABA also regulates transcription factors such as ABI3 and ABI4, integrating environmental signals into developmental gene networks. DNA methylation and chromatin remodelling enzymes epigenetically modulate these processes, influencing the reversibility of cellular differentiation and enhancing embryogenic competence. Treatment with demethylating agents like 5-azacytidine (AzaC) has been shown to promote SE by modulating the expression of SERK, WUS, BABY BOOM (BBM), and LEC genes (Khan et al., 2023). 
MicroRNAs (miRNAs) further refine gene expression during SE by targeting specific transcription factors and developmental regulators, thereby fine-tuning the molecular networks that enable somatic cells to acquire totipotency and undergo embryogenesis. The integration of these molecular regulators with hormonal cues constitutes a sophisticated regulatory system underpinning the success of coconut tissue culture and offering promising targets for genetic and biotechnological interventions aimed at improving clonal propagation efficiency.
Genetic modification in coconut remains underexplored due to its recalcitrant nature and difficulties in achieving stable transformation. Initial gene transfer attempts using microprojectile bombardment on embryogenic callus and immature leaf tissues successfully delivered reporter genes such as GUS, although stable transgenic plant regeneration was not achieved (Samosir, 1999). Agrobacterium-mediated transformation via vacuum infiltration and co-cultivation has demonstrated feasibility for gene delivery into coconut tissues (Andrade-Torres et al., 2011), yet no commercially viable genetically modified coconut palms have been reported. Future progress may benefit from the use of strong constitutive promoters, such as Act1 and Ubiquitin, which have shown high transient expression in preliminary trials and could improve transformation efficiency.
Advances in coconut genomics now provide a solid foundation for molecular improvement. The availability of complete mitochondrial (Hasan Awad et al., 2016), chloroplast (Ya-Yi et al., 2013), and draft nuclear genomes (Xiao et al., 2017) enables the identification of genes associated with stress tolerance, disease resistance, and agronomic performance. Integrating these genomic resources with emerging transformation technologies—including CRISPR/Cas9 genome editing and protoplast-based transformation systems reported in related studies (Zhang et al., 2024; Khan et al., 2023; Guo et al., 2023)—offers new opportunities to overcome existing bottlenecks. Functional validation of genes conferring resilience to biotic and abiotic stresses and yield-related traits will be essential to realizing the potential of genetic engineering in coconut improvement programs.

CONCLUSION & FUTURE SCOPE
In conclusion, coconut tissue culture has emerged as a critical tool for addressing the long-term challenges faced by coconut cultivation, particularly in the context of climate change, disease pressure, and aging plantations. Although in vitro techniques such as somatic embryogenesis have demonstrated considerable promise for rapid, large-scale clonal propagation of superior genotypes, several technical limitations persist, including tissue recalcitrance, low regeneration rates, and genetic instability. Overcoming these challenges necessitates ongoing research focused on optimizing media compositions, enhancing regeneration protocols, and understanding the underlying biological mechanisms governing in vitro response. Notably, advances in molecular biology, including the potential application of genome editing technologies such as CRISPR/Cas9, are poised to revolutionize coconut breeding efforts by enabling precise genetic modifications for traits like stress tolerance and disease resistance. As the global demand for coconut products continues to grow, integrating tissue culture with cutting-edge biotechnologies offers promising avenues for sustainable production, conservation, and genetic improvement of this vital crop. Future research should prioritize refining these techniques, elucidating gene functions, and developing resilient coconut cultivars to ensure a secure and sustainable coconut industry in the face of mounting environmental and agricultural pressures.
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