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ABSTRACT
In vitro plant regeneration remains a critical bottleneck in rice biotechnology, particularly for indica varieties which exhibit significantly lower regeneration efficiencies compared to japonica subspecies. This review comprehensively examines the hormonal and molecular determinants governing callus induction, development, and regeneration in rice tissue culture systems. The intricate balance between auxin and cytokinin plays a pivotal role in determining developmental outcomes, with high auxin-to-cytokinin ratios favoring callus induction while lower ratios promote shoot regeneration. However, optimal hormone concentrations exhibit strong genotype-dependent variation, with indica cultivars often requiring distinct protocols compared to japonica varieties. Callus browning, primarily caused by polyphenol oxidase-mediated oxidation of phenolic compounds and subsequent lignification, represents a major constraint reducing regeneration efficiency in indica rice. At the molecular level, key regulatory genes including OsSDG715, OsBBM1, WUSCHEL-related homeobox (WOX) genes, and BOC1 have been identified as critical determinants of callus formation and regenerative competence. Quantitative trait loci (QTLs) associated with callus induction rate, browning tendency, and regeneration capacity have been mapped across multiple chromosomes, with favorable alleles identified in wild rice (Oryza rufipogon) populations. Epigenetic modifications, including histone methylation patterns (H3K27me3 and H3K4me3), DNA methylation status, and microRNA-mediated regulation, further modulate regenerative potential through chromatin remodeling and transcriptional reprogramming. Beyond conventional auxin-cytokinin regulation, other phytohormones including strigolactones, abscisic acid, salicylic acid, and brassinosteroids contribute to somatic embryogenesis and stress responses during in vitro culture. Exogenous additives such as biosynthesized silver nanoparticles, iron supplementation, melatonin, polyamines, and activated charcoal have demonstrated potential to enhance callus quality and regeneration efficiency by modulating oxidative stress responses and secondary metabolite accumulation. Understanding these complex hormonal interactions, genetic determinants, and epigenetic regulatory mechanisms is essential for developing genotype-independent tissue culture protocols and improving transformation efficiency in recalcitrant indica rice varieties, thereby facilitating the broader application of advanced genetic engineering approaches for rice improvement.
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1. INTRODUCTION

In vitro plant regeneration is a fundamental component of modern plant biotechnology; however, it remains particularly challenging in rice. This difficulty primarily arises because the induction of a stable and embryogenic callus represents the most critical and foundational step for successful genetic manipulation and plant regeneration (Do et al., 2024). Callus induction is governed by complex hormonal interactions, wherein auxin and cytokinin act synergistically to regulate cellular proliferation, differentiation, and developmental outcomes (Yin et al., 2008). The efficiency of tissue culture and Agrobacterium-mediated genetic transformation in rice is largely dependent on the intrinsic ability of a genotype to induce and maintain high-quality callus tissue (Chen et al., 2023). A major bottleneck in the genetic transformation of Indica rice varieties is the regeneration of whole plants from callus tissue (Anubharathi et al., 2023). Many indica cultivars exhibit low regeneration efficiencies, which significantly hampers the recovery of transgenic plants and limits the practical application of advanced genetic engineering approaches for the improvement of indica rice (Greenwood and Glaus, 2022). In contrast, Japonica rice varieties generally exhibit high regeneration efficiencies under in vitro conditions, whereas similar success has been difficult to achieve in indica genotypes. Only a limited number of studies have reported consistent and high-frequency regeneration in indica rice. Even when transformation is successful, regeneration efficiency is often low or restricted specific genotypes, presenting a major obstacle to the broader adoption of transformation technologies in indica rice improvement programs (Sundararajan et al., 2020). 
[bookmark: _Hlk210398439]The identification of optimal types and concentrations of Plant Growth Regulators (PGRs) for individual rice genotype remains challenging due to genotype-specific hormonal requirements.  Even minor deficiencies can adversely affect in vitro growth and developmental responses (Yimam et al., 2025). For example, the indica rice cultivars IR64, Swarna, and Naveen exhibit differential responses to culture media. In IR64, callus induced using 2,4-D (2.5 mg/L) alone was compact, creamy white, and embryogenic, whereas the supplementation of kinetin (0.5 mg/L) and NAA (0.5 mg/L) diminished callus quality and compactness in both IR64 and Swarna. Conversely, Naveen responded positively to the addition of kinetin and NAA, producing larger and more proliferative calli. Naveen achieved the highest green shoot regeneration frequency (59.08%) on MS medium supplemented with 2 mg/L kinetin and 0.5 mg/L NAA within 17-18 days. In contrast, IR64 and Swarna showed optimal regeneration on MS medium containing 3 mg/L BAP, 1 mg/L kinetin, and 0.5 mg/L NAA, with IR64 attaining 64.61% regeneration frequency in 16-18 days. Regenerated shoots rooted effectively on half-strength MS medium, particularly in the presence of 1 mg/L NAA, where IR64 produced the highest average number of roots (24.34), followed by Naveen (21.0) and Swarna (17.7) within 14-17 days (Behera et al., 2019).
 Another major factor contributing to the regeneration inability of indica rice is callus browning. Callus browning is commonly associated with lignification and the accumulation of secondary metabolites that function as defense compounds under the stressful conditions of in vitro culture (Hazrati et al., 2022). Rice produces a diverse array of secondary metabolites, including phenolic acids, flavonoids, terpenoids, steroids, and alkaloids, as well as other important compounds such as tocopherols and tocotrienols (Wang et al., 2018). Callus browning is generally classified into enzymatic and non-enzymatic types based on the underlying mechanisms. Enzymatic browning occurs when polyphenol oxidase (PPO) catalyzes the oxidation of phenolic compounds to o-quinones, leading to tissue darkening. In contrast, non-enzymatic browning results from the Millard reaction, a complex chemical process that occurs independently of enzymatic activity (Amente and Chimdessa. 2021). Both external and internal factors influence callus browning in tissue culture. External factors include culture medium composition, nutrient balance, PGR concentration, environmental conditions such as light and temperature, and medium pH. Internal factors encompass the genetic background, physiological status, and inherent biochemical characteristics of the plant material. The interaction between these factors ultimately determines the extent of browning and the viability of cultured callus tissues (Liu et al., 2024).
Several genes have been identified as key regulators of rice regeneration capacity, participating in hormone signaling pathways, cell differentiation, growth regulation, tissue regeneration, and browning responses (Anubharathi et al., 2023). Understanding the genetic determinants underlying in vitro recalcitrance is essential for the development of genotype-independent tissue culture protocols in rice (Potokina and Sushchenko. 2025). Recent advances, including anther culture-based approaches, have facilitated the identification of numerous quantitative trait loci (QTLs) associated with critical in vitro culture traits such as callus induction frequency, greening ability, browning tendency, regeneration efficiency, and the average number of shoots regenerated per callus. These traits serve as important indicators of tissue culture performance and are valuable targets for genetic improvement strategies in rice (Huang et al., 2023).
This review aims to provide a comprehensive analysis of the hormonal and molecular determinants governing in vitro propagation in rice, with particular emphasis on understanding the mechanisms underlying genotype-dependent regeneration responses. Specifically, this review examines: (i) the critical role of auxin-cytokinin balance in callus induction, development, and shoot regeneration; (ii) the genetic and molecular regulators controlling regenerative competence, including key genes, quantitative trait loci (QTLs), and favorable alleles from wild rice; (iii) epigenetic modifications and their influence on cellular reprogramming and pluripotency; (iv) the biochemical basis of callus browning and strategies for its mitigation; and (v) the role of exogenous additives and secondary metabolites in modulating tissue culture responses. By synthesizing current knowledge across these domains, this review seeks to identify key bottlenecks in indica rice regeneration and highlight promising approaches for developing genotype-independent tissue culture protocols that can facilitate broader application of genetic transformation technologies in rice improvement.
2. Hormonal balance: a key determinant of organogenesis
2.1 Effect of auxin and cytokinin levels for organogenesis
Auxin and cytokinin are essential plant hormones that precisely regulate the different phases of organogenesis in plant tissue culture, and the developmental fate of cultured cells is largely determined by the balance between these two phytohormones. Generally, a high auxin-to-cytokinin ratio favors callus induction, whereas a lower ratio with relatively higher cytokinin promotes shoot regeneration, while auxin dominant conditions typically induce root formation. Recent studies consistently demonstrate that plant genotypes respond differentially to variations in plant growth regulator concentrations, underscoring the genotype-dependent nature of in vitro responses (Sutradhar et al., 2024). Even closely related rice genotypes can exhibit markedly different responses to growth regulators. For instance, among black scented rice genotypes, Chakhao Amubi and Chakhao Poireiton displayed distinct hormonal requirements for callus induction. In callus induction medium (CIM), Chakhao Amubi achieved the highest callus induction frequency and callus biomass at 5 mg/L 2,4-dichlorophenoxyacetic acid (2,4-D), whereas Chakhao Poireiton responded optimally at 7 mg/L 2,4-D. The supplementation of benzylaminopurine (BAP) in CIM reduced embryogenic callus induction in Chakhao Amubi and completely inhibited it in Chakhao Poireiton (Ali et al., 2023). In contrast, the incorporation of BAP into the callus induction medium enhanced the formation of embryogenic units in the DilRosh rice variety, which subsequently developed into plantlets upon transfer to regeneration medium (Ijaz et al., 2019).
2.1.1 Callus induction and development
The concentration of 2,4-D applied during the callus induction phase significantly influences both callus formation and subsequent regeneration efficiency. In the indica rice cultivar RD43, optimal callus induction was achieved at 4.0 mg/L 2,4-D, resulting in 100% induction along with the highest callus mass and diameter. Among the media tested, 2.5 mg/L 2,4-D was more effective in inducing callus than media containing 2.0 mg/L or 3.0 mg/L 2,4-D (Yaqoob et al., 2021). Notably, regeneration efficiency was highest when calli induced at lower auxin concentrations (2.0 mg/L 2,4-D) were transferred to a cytokinin-rich regeneration medium containing 2.0 mg/L BA, achieving a regeneration frequency of 50% and producing up to 9.60 shoots per callus (Chitphet et al., 2025). Similarly, in the IR-6 rice variety, a combination of 2 mg/L 2,4-D and 4 mg/L casein hydrolysate resulted in maximum callus induction compared to other Pakistani rice cultivars (Munawar et al., 2024). However, despite the effectiveness of 2 mg/L 2,4-D in promoting embryogenic callus formation, this concentration was also associated with an increased browning rate (3.55%) in the indica rice cultivar Lazarroz FL, which poses a significant constraint to successful regeneration (Hernández-Soto et al., 2022). For the newly developed indica rice germplasm 6-23, optimal callus induction was obtained at 2,4-D concentrations ranging from 2.5 to 3.5 mg/L, with a slight reduction in induction efficiency observed at 4.5 mg/L (Xiang et al., 2023).
2.1.2 Callus morphology
Callus morphology can be broadly categorized into four distinct types: (I) white, friable callus with shiny nodular structures, (II) yellow, crumbly callus, (III) dense brownish-yellow callus, and (IV) dense brown (rhizogenic) callus. Embryogenic callus is typically friable, white in appearance, and characterized by the presence of shiny nodules, whereas non-embryogenic callus is generally yellow, thicker, and denser in texture (Ubaidillah et al., 2024). The morphology of callus tissue is strongly influenced by the developmental stage of the explant used for culture. Experimental evidence indicates that calli derived from the same genotype at different developmental stages can exhibit pronounced morphological and embryogenic differences. In japonica rice, callus induced from immature embryos consists of larger cells and shows higher embryogenic potential, whereas callus derived from mature seeds comprises elongated, loosely arranged cells and is predominantly non-embryogenic (Kaizhuan et al., 2018). A similar trend has been observed in maize, where calli obtained from immature embryos at 15 days after pollination (DAP) are friable and highly embryogenic, while calli derived from 23 DAP immature embryos and mature embryos are non-friable and exhibit moderate to no embryogenic capacity, respectively (Juárez-González et al., 2019). Distinct morphological differences also exist between embryogenic and non-embryogenic calli during in vitro culture. Non-embryogenic calli typically appear rough and loosely organized and tend to undergo gradual dehydration in the culture medium. In contrast, embryogenic calli are dense, yellowish-white, and nodular in structure, exhibiting active proliferation and giving rise to somatic embryos or organogenic structures (Ardra et al., 2025). The auxin-to-cytokinin ratio plays a critical role in determining callus morphology and developmental fate. In Malaysian indica rice MR29, a low concentration of 2,4-D (0.5 mg/L) combined with BAP (0.5 mg/L) significantly promoted the formation of rooty callus, whereas higher concentrations of 2,4-D (5.0 mg/L) completely inhibited rooty callus development. Moreover, a medium supplemented with 1.0 mg/L 2,4-D and 1.0 mg/L BAP resulted in the highest frequency of globular callus formation (Abd Rahman et al., 2021). Similarly, in the indica rice cultivar Ciherang-Sub1, increasing concentrations of 2,4-D led to a reduction in callus size, while the addition of 0.25 mg/L BAP to the induction medium enhanced callus embryogenicity (Liang et al., 2021). Morphological characterization of the indica rice variety MTU1010 revealed that a medium containing 2.5 mg/L 2,4-D in combination with 0.25 mg/L BAP produced white, delicate, and embryogenic calli, whereas calli induced on media supplemented with 2.5 mg/L 2,4-D alone were yellowish, hard, necrotic, hairy, and non-embryogenic (Yadav et al., 2023). Consistent observations have been reported in other rice genotypes. In Chinnor rice, friable, creamy, light yellow embryogenic calli were induced after 28 days of culture on a medium supplemented with 0.5 mg/L NAA and 2.5 mg/L 2,4-D (Poonam, 2023). Similarly, compact, light whitish embryogenic calli were obtained from the rice varieties Dubraj, Kalajeera, and Tulasikanthi after 28 days of culture on MS medium supplemented with 2.5 mg/L 2,4-D and 0.5 mg/L NAA (Swain, 2020).
2.1.3 Regeneration of shoot from calli
Shoot regeneration in rice is strongly influenced by interactions among different plant growth regulators, which may exhibit synergistic, antagonistic, or additive effects depending on their combinations and concentrations. In Ethiopian rice, the combined application of kinetin and BAP with NAA demonstrated diverse hormonal interactions that significantly affected regeneration responses (Yimam et al., 2025). Although the inclusion of kinetin alongside BAP and NAA enhanced overall regeneration efficiency, it resulted in a reduced number of shoots per callus compared with the combination of BAP and NAA alone (Sundararajan et al., 2020). Despite reports suggesting a promotive role of kinetin in shoot regeneration when combined with BAP and NAA, contrasting results were observed in the Chakhao Amubi rice genotype, where higher concentrations of kinetin led to a decrease in shoot regeneration frequency (Priyanka and Rajam, 2024). The most effective hormonal combination for shoot regeneration in indica rice cultivars was identified as 3.0 mg/L BAP in combination with 1.0 mg/L NAA, which resulted in the highest regeneration efficiencies of 38% with 7.23 shoots per callus in ASD16 and 29% with 6.27 shoots per callus in IR64 (Sundararajan et al., 2020). Similarly, in the indica rice cultivar Lazarroz FL, a regeneration medium supplemented with 0.5 mg/L NAA and 3.0 mg/L BA produced optimal regeneration outcomes, with approximately 70% regeneration, 7.14% sprouting, and only 9.52% callus browning in calli induced with 2.0 mg/L 2,4-D (Hernández-Soto et al., 2022). In addition to hormonal composition, the duration of callus induction significantly affects regeneration potential. Studies across multiple rice genotypes have shown that calli induced for one week exhibit higher callus growth capacity (CGC) and shoot regeneration capacity (SRC) compared to calli induced for two weeks. Furthermore, lower concentrations of 2,4-D (0–1 ppm) enhanced green plant regeneration capacity (GRC), whereas higher concentrations (3–5 ppm) negatively affected plant regeneration, particularly in one-week-old calli (Carsono et al., 2021). In the zinc-rich rice variety Chittimuthyalu, calli cultured on regeneration medium containing 2.0 mg/L BAP, 0.5 mg/L NAA, and 0.01 mg/L TDZ produced numerous small shoots, referred to as microtillers; however, shoot production declined markedly when callus age exceeded four weeks. Prolonged exposure of calli to elevated concentrations of 2,4-D has been shown to induce genomic stress, resulting in chromosomal instability and a consequent reduction in regenerative capacity. As a result, extended culture periods beyond four weeks may lead to genetic alterations and diminished growth potential, thereby limiting successful long-term regeneration (Tripathy. 2021). Root formation during in vitro regeneration is also strongly dependent on auxin supplementation. In the high-altitude Himalayan rice genotype SR4, root development was absent on MS medium lacking plant growth regulators, whereas the addition of indole-3-butyric acid (IBA) at 0.6 mg/L promoted the formation of robust fibrous roots (Noor et al., 2022).
3. Genetic and molecular determinants of in vitro regeneration in rice
3.1 Callus induction and development
Callus induction represents a pivotal phase in both in vitro cultivation and genetic transformation, and in rice tissue culture, strong genotype dependency remains a major constraint. Therefore, understanding the molecular mechanisms governing callus formation is essential. Recent studies have identified several key genes and regulatory pathways that influence regenerative competence and responses to in vitro culture conditions. Central to successful callus formation is the maintenance of an appropriate balance between auxin and cytokinin signal. The OsSDG715, a histone H3K9 methyltransferase containing a SET domain, has been identified as a major regulator of callus induction rate (CIR) through its role in modulating auxin and cytokinin related gene expression. Loss-of-function mutants of OsSDG715 exhibit reduced CIR, which is associated with the downregulation of OsCKX4 and the upregulation of ARR10. These changes lead to reduced expression of OsYUCCA6, decreased indole-3-acetic acid (IAA) levels, and elevated cytokinin concentrations, ultimately disrupting the IAA:CK ratio and impairing effective callus formation in rice (Song et al., 2025). Beyond callus initiation, genetic regulators are also required to maintain callus proliferation and regenerative potential. Somatic embryogenesis is strongly influenced by endogenous auxin biosynthesis, and the BABY BOOM (BBM) gene directly activates YUCCA genes, resulting in increased auxin accumulation that promotes embryogenic development (Khanday et al., 2023). In addition, OsBBM1 supports sustained proliferative growth, while OsSET1 contributes to callus stability by establishing permissive chromatin states through H3K27me3 modification (Zhang et al., 2019). The regulatory role of BBM exhibits strong subspecies-specific variation. In japonica rice, high OsBBM1 expression alleviates cytokinin desensitization mediated by rice response regulators (OsRRs), thereby supporting efficient regeneration. In contrast, indica rice frequently displays stable expression of OsRR2 in the absence of sufficient OsBBM1, resulting in cytokinin insensitivity and poor regenerative capacity (Husna et al., 2022). Exogenous auxin application further modulates endogenous hormone homeostasis. Treatment with 2,4-D induces the expression of GH3 genes, which conjugate IAA to amino acids, thereby inactivating endogenous auxin. Conversely, in the absence of exogenous 2,4-D, ILR1 expression is upregulated, releasing free IAA from its conjugated forms and maintaining an adequate pool of active auxin (Jin et al., 2021). At the signaling level, callus initiation is triggered by synthetic auxin mediated degradation of the OsIAA10 repressor protein. This degradation releases OsARF transcription factors, which activate the expression of CRL1, initiating downstream transcriptional reprogramming required for callus formation (Zhang et al., 2019). Cell cycle regulation also plays a crucial role in callus induction, as OsCycB1;5 is essential for maintaining normal cell division activity. The loss of OsCycB1;5 disrupts cell cycle progression and significantly reduces callus growth and CIR (Song et al., 2024). During callus initiation from the scutellum, genes involved in embryogenesis, stem cell maintenance, and auxin signaling are strongly upregulated. Among these, OsLEC1, a key regulator of embryo development, is induced by auxin and promotes the formation of globular embryogenic calli from the scutellar epidermis (Guo et al., 2023). OsLEC1 also functions as a repressor of photosynthesis-related genes during early embryo development, and mutations in OsLEC1 lead to premature embryo greening and early activation of photosynthetic pathways (Guo et al., 2022). In contrast, callus formation from vascular tissues relies on a distinct genetic program involving root development–associated genes such as OsIAA11 and OsCRL1 (Guo et al., 2023). Genome-wide association studies in indica rice have further identified multiple quantitative trait loci (QTLs) and candidate genes on chromosomes 2, 6, 7, and 11 that influence callus induction efficiency across different culture media. Notably, a gene encoding a Caleosin-related family protein was consistently associated with callus induction in both B5 and N6 media, suggesting a conserved role in callus formation (Kamolsukyeunyong et al., 2024). Among the identified loci, Os09g0551600, which encodes a high-mobility group (HMG) protein within the qCIR9.1 QTL region, has emerged as a key determinant of CIR. High expression of this gene in japonica rice correlates with elevated callus induction rates, whereas lower expression in indica rice is associated with reduced CIR (Huang et al., 2021). Similarly, in the 93-11 genetic background, the QTL qCBT9 introgressed from Dongxiang common wild rice (DXCWR; Oryza rufipogon Griff.) was identified as contributing to reduced callus browning, further highlighting the genetic basis underlying tissue culture responsiveness in rice (Lou et al., 2024).
Table 1: QTLs related to callus growth in rice
	Name of the QTL
	Location
	Function
	Reference

	qI 11-2 near RM21
	Chromosome no. 11
	Callus induction frequency
	(Zhao et al., 2009)

	qBI4-1 near RM335, qBI2-2 near RM341,
qBI7-1 near RM505,
qBI10-1 near RM202, qBI11-1
	Chromosome no. 4, Chromosome no.2, Chromosome no. 7,
Chromosome no. 11
	Callus browning index
	(Taguchi-Shiobara et al., 2006; Zhang et al., 2016)

	qCIR9.1
	Chromosome no. 9
	Callus induction rate
	(Huang et al., 2021)

	qIC9
	
	Callus colour
	(Taguchi-Shiobara et al., 2006)

	qIW9
	
	Induced callus weight
	(Taguchi-Shiobara et al., 2006)

	qCBT9
	Chromosome no. 9
	Reduction of callus browning
	(Lou et al., 2024)




3.2 Regeneration of shoot from calli
Beyond the critical balance of exogenously supplied hormones, the efficiency of in vitro regeneration in rice is governed by a complex network of endogenous genetic and molecular regulators. Among these, the WUSCHEL-related homeobox (WOX) gene family plays a central role in conferring pluripotency and regenerative competence. OsWOX11 has been identified as a key regulator of callus formation and regeneration capacity in rice, as Oswox11 mutant lines exhibit significantly reduced embryogenesis. Its elevated expression during callus formation from the basal regions of young leaf explants further underscores its importance in callus development (Hu et al., 2017). Similarly, WOX5 facilitates the acquisition of pluripotency during callus induction and promotes shoot formation on shoot induction medium by activating cytokinin signaling, primarily through the repression of type-A Arabidopsis response regulators (ARRs), such as ARR5, ARR6, and ARR7, which function as negative regulators of cytokinin responses (Lee et al., 2022). Callus browning, a major constraint that reduces regeneration efficiency, is also under genetic control. The BOC1 gene mitigates callus browning by regulating oxidative stress responses and programmed cell death. A highly expressed BOC1 allele, generated by a Tourist miniature inverted-repeat transposable element (MITE) insertion in its promoter, has been identified in wild rice (Oryza rufipogon). This favorable allele is frequently absent or nonfunctional in cultivated indica and japonica varieties, which correlates with increased callus browning and reduced transformation efficiency (Zhang et al., 2020). Extending these findings, analyses of 129 introgression lines derived from a cross between O. rufipogon accession DXCWR and the elite indica variety GC2 identified quantitative trait loci (QTLs) on chromosomes 4 and 9 associated with callus browning, consistent with earlier reports. Additionally, a novel DXCWR-specific QTL on chromosome 12 was identified, further expanding the genetic landscape governing callus browning in rice (Wang et al., 2023). Recent studies have revealed additional favorable genetic loci in Chaling common wild rice (O. rufipogon), including the identification of qCBT7 and qCBT10, which further reduce callus browning. The associated candidate genes are linked to hormone signaling pathways and are uniquely enriched in wild rice, highlighting their potential utility in improving regeneration efficiency in cultivated rice varieties (Qiu et al., 2023). Furthermore, a novel quantitative trait locus, qPRR3, was identified based on plant regeneration rate (PRR) and total green plant rate (TGPR), and this locus was shown to enhance shoot regeneration while simultaneously reducing callus browning in indica rice (Wu et al., 2022). In japonica rice cultivars such as Dongjin, genes associated with pluripotency and meristem function are preferentially expressed in regenerable calli. Notably, PLETHORA (PLT) genes, which are essential for establishing the root stem cell niche, are upregulated in pluripotent calli, while expression of the OsH6 gene has been detected in the shoot apical meristem, suggesting its involvement in shoot development and regeneration competence (Shim et al., 2020).
4. Epigenetic regulators of regeneration
Beyond exogenous hormonal regulation, epigenetic modifications function as critical genetic determinants of in vitro regeneration in Oryza sativa. The dynamic balance between repressive and activating histone marks plays a central role in establishing pluripotency and facilitating callus development. In particular, the reduction of the repressive histone modification H3K27me3 in callus tissue, coupled with the enrichment of the activating mark H3K4me3 and the presence of accessible chromatin regions, orchestrates the transcriptional programs required for cellular reprogramming. Key transcription factor families, including WUSCHEL-related homeobox (WOX) and PLETHORA (PLT), are subject to epigenetic regulation during this process, thereby linking chromatin dynamics to regenerative competence in rice (Zhao et al., 2020). In addition to histone modifications, chromatin-enriched noncoding RNAs (cheRNAs) have emerged as important regulators of somatic cell regeneration in rice. These noncoding RNAs act as cis-regulatory elements that modulate the expression of neighboring genes. Strong correlations have been observed between cheRNAs and the epigenetic states of adjacent loci, with che-lincRNAs showing positive associations with active histone modifications such as H3K4me3 and H3K27ac, while exhibiting negative correlations with the repressive mark H3K27me3. This coordinated interaction between cheRNAs and chromatin modifications contributes to the regulation of gene expression patterns essential for callus formation and regeneration (Zhang et al., 2022). DNA methylation status also influences callus regeneration efficiency. Demethylation treatments using the DNA methyltransferase inhibitor 5-azacytidine positively affected the regeneration of IR64 calli compared with TNG67 across concentrations of 0, 25, and 50 μM. However, regeneration efficiency was inversely correlated with increasing concentrations of 5-azacytidine, indicating a dosage-dependent effect of DNA demethylation on regenerative outcomes (Hsu et al., 2018).  MicroRNAs further contribute to the epigenetic and post-transcriptional regulation of callus regeneration. The expression of miR167 was found to be lower in embryogenic calli than in regenerating calli, with miR167d-5p expression being reduced in the recalcitrant genotype IR64 relative to the non-recalcitrant IR36 and moderately recalcitrant TN1 genotypes. Across all genotypes, miR167d-5p showed higher expression in green calli compared with non-green calli. In IR64, the target gene ARF8 was upregulated in non-green calli, whereas in IR36 it was downregulated, with no significant change observed in TN1, highlighting genotype-dependent regulatory interactions between miR167 and auxin response factors (Sinha et al., 2019). Alterations in auxin response signaling mediated by epigenetic regulators further modulate callus formation. Elevated expression of OsARF18 disrupts auxin signaling homeostasis, repressing the activation of PLT1 and PLT2 and thereby inhibiting callus formation from mature embryos. Conversely, OsHDA710 plays a crucial role in initiating callus formation by repressing transcriptional repressors, including OsARFs, through histone deacetylation, thereby promoting cellular reprogramming (Zhang et al., 2020). Transcriptomic analyses have demonstrated that OsLEC1 and OsHDA710 cooperatively regulate a shared set of downstream target genes involved in hormone biosynthesis, signaling, and metabolism, underscoring their synergistic role in callus initiation. Loss-of-function mutants of OsLEC1 and OsHDA710 exhibit significantly reduced callus fresh weight and pronounced abnormalities in callus morphology, emphasizing the essential role of this regulatory module in proper callus development and in vitro regeneration in rice (Zeng et al., 2025). Finally, the use of callus-specific promoters represents an important strategy for improving genetic transformation efficiency. In rice, the promoter POsTDL1B exhibits strong and specific activity in callus tissue, enabling targeted gene expression during regeneration while minimizing unintended effects in other tissues. The application of such tissue-specific promoters enhances regeneration efficiency, improves transformation outcomes, and supports normal plant development (Ma and Wu. 2025).
5. Role of other hormones in rice in vitro culture 
In addition to the well-established roles of auxin and cytokinin, several other phytohormones, including abscisic acid, salicylic acid, jasmonic acid–isoleucine, strigolactones, and brassinosteroids, have been identified as important regulators of somatic embryogenesis in rice, as revealed through transcriptome profiling and hormone pathway analyses (Kaizhuan et al., 2018; Duan et al., 2019). Supplementation of rice tissue cultures with strigolactones has been shown to induce the expression of the cytokinin catabolism gene CYTOKININ OXIDASE/DEHYDROGENASE 9 (OsCKX9), resulting in accelerated degradation of endogenous cytokinins. This regulatory mechanism lowers cytokinin levels and significantly reduces callus browning, thereby improving callus quality and enhancing regeneration potential in rice (Duan et al., 2019). In addition, elevated levels of salicylic acid have been detected in callus tissues cultured on sugar- and nitrogen-deficient media, indicating a stress-responsive hormonal adjustment under nutrient-limiting conditions (Jan et al., 2020).
6. Role of exogenous additives in callus development
Supplementation with biosynthesized silver nanoparticles at optimal concentrations has been shown to significantly enhance callus induction, regeneration, and rooting in recalcitrant indica rice by improving hormonal balance and reducing oxidative stress. However, excessive exposure to silver nanoparticles can negatively affect development due to induced stress and hormonal imbalance, underscoring the importance of precise dose optimization for their effective application in plant tissue culture systems (Manickavasagam et al., 2019). Similarly, increasing iron availability in the culture medium positively influences rice callus induction and regeneration by promoting the formation of embryogenic cells, upregulating auxin-responsive genes, enhancing antioxidant gene expression, and suppressing stress-related genes (Hayiduereh et al., 2025). The application of ferrous sulphate nanoparticles further augments antioxidant defense by increasing the activities of enzymes such as ascorbate peroxidase (APX), superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), thereby improving oxidative stress tolerance and supporting robust callus development (Ullah et al., 2024). Callus age and nutrient composition of the callus induction medium also play critical roles in determining regeneration efficiency and browning responses. Correlation analyses revealed that the early transfer of 5-day-old calli from callus induction medium to a regeneration medium supplemented with 0.5 mg/L NAA and 3.0 mg/L BAP resulted in higher green spot frequency and reduced callus browning. These effects were associated with a higher SO₄²⁻/PO₄³⁻ ratio and an optimal NH₄⁺/NO₃⁻ ratio in the callus induction medium, consistent with observations reported for Oryza sativa var. ASD-16 (Solanki et al. 2020). Exogenous application of melatonin has also been shown to enhance regeneration efficiency by reducing hydrogen peroxide (H₂O₂) accumulation in the regeneration medium and inducing the expression of antioxidant genes, including SOD, CAT, POD, glutathione peroxidase (GPX), and APX. These findings further suggest that melatonin may act in an auxin-like manner to promote morphogenesis and regeneration in rice callus cultures (Ubaidillah et al., 2024). In addition, the exogenous application of the polyamine putrescine during the subculturing stage increases endogenous levels of spermidine and spermine, improves the quality of embryogenic calli, and reduces callus browning (Tan et al., 2017). The incorporation of activated charcoal into culture media exerts contrasting effects depending on the stage of culture. While its addition to the callus induction medium reduces callus growth due to the adsorption of nutrients and hormones, its inclusion in the regeneration medium enhances plant regeneration by limiting the accumulation and oxidation of inhibitory phenolic compounds. Furthermore, supplementation with low concentrations of nanocarbon in both callus induction and regeneration media has been shown to increase callus growth and regeneration efficiency (Chutipaijit and Sutjaritvorakul. 2018).
7. Influence of medium composition on secondary metabolite production
Callus browning has been reported in MS medium when sucrose is used as the primary carbon source, indicating that maltose is a more suitable sugar for promoting healthy callus formation (Repalli et al., 2019). Nutrient limitations, particularly deficiencies in sugar and nitrogen, have been shown to enhance the accumulation of flavonoids and induce the expression of flavonoid biosynthetic genes, reflecting a metabolic shift under stress conditions (Jan et al., 2020). The composition of plant growth regulators also markedly influences secondary metabolite accumulation in callus cultures. Among several auxins evaluated, including 2,4-D, picloram, dicamba, IBA, IAA, and NAA, supplementation with 2,4-D resulted in the greatest increase in total alkaloid content in Polyalthia bullata calli (Zaman et al., 2021). Similarly, callus cultures of Celastrus paniculatus grown on MS medium supplemented with BAP and NAA accumulated higher levels of polyphenolic and flavonoid compounds than those cultured on MS medium containing BAP and 2,4-D, indicating that the BAP–NAA combination is more effective in enhancing the production of these bioactive metabolites (Moola et al., 2020). In addition, increasing the concentration of L-proline in the regeneration medium has been shown to reduce callus browning and positively influence rice callus regeneration (Greenwood and Glaus. 2022).
8. Role of secondary metabolites in callus browning process
Secondary metabolites are broadly classified into three major groups based on their biosynthetic pathways: phenolics, terpenes, and alkaloids. Among these, phenolic acids play a crucial role as natural antioxidants by scavenging free radicals that contribute to oxidative stress and the degradation of essential biomolecules, including lipids, proteins, and nucleic acids. Several phenolic acids, such as protocatechuic acid, ferulic acid, gallic acid, and syringic acid, are present in both indica and japonica rice subspecies; however, japonica rice generally exhibits higher concentrations of phenolic acids and greater overall antioxidant capacity compared with indica rice (Ding et al., 2019). In healthy plant tissues, polyphenolic compounds are predominantly compartmentalized within vacuoles, whereas the enzymes responsible for their oxidation are localized in plastids and the cytoplasm. This spatial separation prevents interactions between polyphenols and oxidative enzymes, thereby inhibiting enzymatic browning under normal physiological conditions. However, when plant cells are wounded or subjected to stress, phenolic compounds become exposed to oxygen and oxidative enzymes, leading to their rapid conversion into o-quinones. These o-quinones subsequently undergo non-enzymatic polymerization to form brown pigments or melanin, resulting in visible tissue browning (Zhang, 2023; Tilley et al., 2023; Permadi et al., 2024). The accumulation of oxidized phenolic compounds promotes the generation of reactive oxygen species (ROS), inducing oxidative stress within explant tissues. Elevated ROS levels can stimulate ethylene production, which negatively affects cell proliferation during morphogenesis (Şen, 2012). To counteract oxidative damage, plant tissues activate antioxidant defense systems involving enzymes such as superoxide dismutase (SOD), peroxidase (POX), and catalase (CAT), which mitigate oxidative stress, reduce hydrogen peroxide (H₂O₂) accumulation, and delay tissue senescence (Huang et al., 2019). Flavonoids constitute another important class of secondary metabolites, including compounds such as naringenin, kaempferol, quercetin, delphinidin, and cyanidin. Naringenin serves as a key precursor in the flavonoid biosynthetic pathway, while quercetin is particularly notable for its strong antioxidant properties (Rencoret et al., 2022; Liu et al., 2021). In callus tissues, high levels of flavonoids and phenolics are typically observed during the early stages following transfer to regeneration medium; however, their concentrations decline markedly within approximately three weeks due to enzymatic oxidation mediated by polyphenol oxidase (PPO) and peroxidase (POD). This oxidative process converts flavonoids and phenolic compounds into tannins and lignified materials, coinciding with increased expression of PPO and POD genes, enhanced browning, and increased cell death. These biochemical and molecular dynamics are supported by integrated metabolomic and transcriptomic analyses, which reveal the downregulation of flavonoid biosynthesis and the accumulation of tannins during callus browning (Deng et al., 2023).
9. Conclusion 
Successful in vitro regeneration of rice remains a major challenge, governed by the complex interplay of hormonal signaling, genetic factors, and epigenetic regulation. While auxin–cytokinin balance underpins organogenesis, regeneration efficiency is strongly genotype‑dependent, with indica cultivars typically showing lower regeneration frequencies and higher callus browning than japonica, limiting the use of transformation technologies in these important varieties. Recent advances in molecular genetics have identified key regulatory genes such as OsSDG715, OsBBM1, OsWOX11, and BOC1, along with several QTLs associated with regeneration traits, providing targets for genetic improvement. Notably, favorable alleles from wild rice (Oryza rufipogon) that reduce browning and enhance regeneration offer opportunities for introgression into elite indica lines via marker‑assisted breeding. Epigenetic mechanisms are increasingly recognized as central to establishing cellular pluripotency and regenerative competence. Dynamic changes in histone methylation, DNA methylation, and chromatin‑associated non‑coding RNAs orchestrate the transcriptional reprogramming required for regeneration, suggesting that epigenetic engineering could help overcome genotype‑specific recalcitrance. Callus browning, driven by polyphenol oxidase (PPO) activity and accumulation of oxidized phenolics, remains a critical constraint. Exogenous additives such as strigolactones, melatonin, polyamines, iron supplements, and biosynthesized nanoparticles show promise in reducing oxidative stress and improving callus quality, but their efficacy depends on concentration and timing of application. Future progress toward genotype‑independent protocols for indica rice will require an integrated strategy: optimized hormonal regimes, selection of responsive genotypes and explants, and controlled environmental conditions. Tissue‑specific promoters (e.g., POsTDL1B) offer a way to enhance transformation efficiency without compromising plant development. Advanced omics approaches (transcriptomics, metabolomics, epigenomics) will further refine our understanding of cellular reprogramming and regeneration. Ultimately, translating knowledge of hormonal networks, genetic control, and epigenetic regulation into robust, reproducible tissue culture systems is essential to fully exploit modern biotechnology for developing high‑yielding, stress‑tolerant, and nutritionally improved rice varieties. Integrating classical tissue culture expertise with cutting‑edge molecular tools will be key to unlocking the regenerative potential of recalcitrant rice genotypes and accelerating genetic improvement in the coming decades.
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