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ABSTRACT 

	Black pepper (Piper nigrum L.) holds significant importance as a spice crop due to its widespread culinary use, economic value, medicinal properties, and historical significance. However, its susceptibility to drought stress significantly challenges sustainable production. Recent molecular markers reveal black pepper's genetic basis for drought tolerance, providing insights that could enhance cultivation strategies and crop resilience. Various marker systems, including Simple Sequence Repeats (SSRs) and Single Nucleotide Polymorphisms (SNPs), have been employed to identify drought-responsive loci. Gene expression studies have highlighted the role of key drought-responsive genes such as dehydrins, osmotin, aquaporins, and transcription factors, which contribute to osmotic adjustment and stress signalling. Next-generation sequencing (NGS) and transcriptome profiling have also facilitated genome-wide identification of polymorphic markers and differentially expressed genes, enabling marker-assisted selection (MAS) for drought tolerance. Despite these advances, field-based validation of candidate genes and functional genomics approaches remains critical for developing drought-resilient black pepper varieties. This review synthesises current research on the molecular basis of drought stress in black pepper and highlights future directions for breeding programs to enhance drought tolerance.
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1. INTRODUCTION 
Black pepper (Piper nigrum L.) holds significant importance as a spice crop due to its widespread culinary use, economic value, medicinal properties, and historical significance (Kumari 2019). It is widely cultivated in tropical regions, with India being one of the major producers. Besides its culinary importance, black pepper has significant medicinal properties due to its bioactive compounds, such as piperine, which exhibit antioxidant, antimicrobial, and anti-inflammatory effects (Ijaz et al., 2023). However, the productivity of black pepper is highly vulnerable to environmental stresses, particularly drought (Prakash et al., 2023). As a perennial climbing vine, black pepper has high water requirements, and water deficit conditions can lead to severe physiological disruptions, including reduced photosynthetic efficiency, stomatal closure, and increased oxidative stress (George 2017).
[bookmark: _Hlk225008429]Identifying drought-tolerant black pepper genotypes has become a major research focus in response to the growing threat of climate change and erratic rainfall patterns (Prakash 2023). Conventional breeding for drought resistance is often limited due to the long generation time and the complex genetic basis of stress tolerance. Therefore, molecular markers significantly improve our understanding and facilitate the breeding of plants that are resistant to drought conditions (Negi et al., 2021; Kumari et al., 2019). Various marker systems, including Simple Sequence Repeats (SSRs) and Single Nucleotide Polymorphisms (SNPs), have been employed to identify key genomic regions associated with drought tolerance (Negi et al., 2021). Furthermore, transcriptomic studies have revealed the differential expression of several drought-responsive genes, including dehydrins, osmotin, aquaporins, and transcription factors, which regulate osmotic balance and stress adaptation (George 2017).
This review aims to synthesise current knowledge on drought stress in black pepper, focusing on molecular marker studies. We discuss different types of molecular markers used in drought research, key findings from gene expression studies, and the potential of genomic-assisted breeding strategies to improve drought resilience. Additionally, we highlight existing research gaps and future directions for enhancing drought tolerance in black pepper.
2. DROUGHT STRESS AND ITS IMPACT ON BLACK PEPPER
Drought stress is a significant environmental constraint affecting black pepper (Piper nigrum L.), resulting in reduced growth, physiological imbalances, and economic losses. As a tropical crop with high water demand, black pepper is highly sensitive to moisture deficits, making drought tolerance an essential trait for sustainable cultivation (Prakash et al., 2023). 
2.1.  PHYSIOLOGICAL RESPONSES TO DROUGHT STRESS
Due to drought stress, the stomatal closure occurs, thereby significantly reducing photosynthetic efficiency in black pepper, limiting CO₂ uptake and affecting transpiration. It has been observed that after 10 days of drought induction, photosynthetic activity decreased by more than 50%, causing severe impairment in plant metabolism (Prakash 2023; George 2017). Secondly, chlorophyll content and leaf temperature are negatively impacted by water deficit, reducing the plant’s ability to capture light energy for photosynthesis (Manju, 2025). Additionally, leaf temperature increases under drought conditions due to limited evaporative cooling from transpiration, further exacerbating stress symptoms (Prakash 2023). Thirdly, membrane stability and water retention are affected by drought, which increases membrane permeability, leading to higher electrolyte leakage and oxidative stress damage. Relative Water Content (RWC), an essential indicator of drought tolerance, drops significantly under prolonged stress, further affecting plant survival (George 2017) (Vijayakumari et al., 2014)
2.2.  MOLECULAR MECHANISMS UNDERLYING DROUGHT TOLERANCE
Firstly, drought-responsive genes, in which several genes are differentially expressed in black pepper under drought conditions, include dehydrins, which help in stabilising proteins and cellular structures under water stress; Osmotin (OSM), which aids in osmotic regulation and protects against dehydration-induced damage; Aquaporins (AQUA) that regulate water transport across membranes to maintain hydration levels and transcription factors (TFs) (bZIP, MYB, and WRKY) that control drought-responsive pathways and activate stress-protective genes (George 2017) (Negi et al., 2021). Secondly, black pepper is known to stimulate the body's antioxidant defence mechanisms by activating key enzymes such as superoxide dismutase (SOD), catalase (CAT), and peroxidases. These enzymes work synergistically to neutralise reactive oxygen species (ROS), thereby reducing cellular damage caused by oxidative stress (Ferreira et al., 2024).
2.3. IMPACT OF DROUGHT ON YIELD AND ECONOMIC LOSSES
It includes yield reduction and crop performance, where drought stress directly impacts flowering, fruit set, and berry development, leading to a significant decline in yield. Reducing berry size and weight affect market quality, making drought-tolerant varieties essential for sustainable production (Prakash et al., 2023; Negi et al., 2021), and farmers face substantial economic losses due to prolonged drought, which can lead to crop failure and plant mortality. With global demand for black pepper increasing, drought-resilient genotypes are crucial for stabilizing production (George 2017; Negi et al., 2021). The effects of drought stress at physiological and molecular levels have been mentioned in Figure 1.
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Fig. 1 Drought stress and its physiological and molecular impact on black pepper (Piper nigrum L.) 

3. STRATEGIES FOR ENHANCING DROUGHT TOLERANCE IN BLACK PEPPER
Firstly, molecular breeding and marker-assisted selection (MAS), utilizing SSRs and SNPs, significantly enhance crop improvement efforts by enabling precise identification of desirable traits, accelerating development of high-yielding, disease-resistant, and climate-adapted plant varieties. These markers help in genetic mapping and the selection of resilient varieties through marker-assisted selection (MAS) (Negi et al., 2021; Kumari et al., 2019). Secondly, genomic and transcriptomic approaches, including next-generation sequencing (NGS) and transcriptomic studies, have helped identify key genes and regulatory pathways involved in drought adaptation. Whole-genome sequencing has further improved the understanding of genetic diversity in black pepper, aiding in breeding strategies (Joy et al., 2013). Thirdly, physiological and agronomic management practices. Besides genetic improvements, agronomic techniques such as mulching, soil moisture conservation, and regulated irrigation play a crucial role in mitigating drought effects. Using drought-resistant rootstocks can also enhance the resilience of cultivated black pepper plants. Drought stress presents a major challenge for black pepper cultivation, affecting growth, physiology, and economic returns. Understanding the genetics and molecular mechanisms behind drought tolerance is crucial for advancing crop breeding (Ambrozim et al., 2021). By integrating innovative biotechnologies such as CRISPR gene editing and transcriptomic analyses, researchers can develop more resilient plant varieties more efficiently. This approach promises to improve agricultural productivity and sustainability in the face of climate change. (Prakash et al., 2023; George 2017).
4. GENETIC BASIS OF DROUGHT TOLERANCE IN BLACK PEPPER
Drought tolerance in black pepper (Piper nigrum L.) is a complex trait regulated by multiple genes, transcription factors, and molecular pathways. Several studies have explored the genetic mechanisms underlying drought adaptation using molecular markers, transcriptomic profiling, and genome-wide association studies (GWAS). The genetic response to drought stress involves signal transduction, osmotic adjustment, antioxidant defence, and stress-responsive transcription factors, which help maintain cellular homeostasis under water-deficient conditions (Asha et al., 2016).
5. GENOMIC STUDIES AND MOLECULAR MARKERS FOR DROUGHT TOLERANCE
George et al has identified 69,126 SSR markers distributed throughout the black pepper genome, with the most abundant dinucleotide repeats. A high-throughput Genotyping-by-Sequencing (GBS) approach identified 3,176 polymorphic SSRs, with 2,015 being hypervariable and useful for drought resilience studies. Whole-genome sequencing revealed functional SNPs associated with drought response, enabling precise selection of drought-tolerant genotypes. These molecular markers are crucial in marker-assisted selection (MAS) and breeding programs to develop drought-tolerant cultivars (George 2017).
6. KEY DROUGHT-RESPONSIVE GENES IN BLACK PEPPER
Dehydrins (DHNS) are Late Embryogenesis Abundant (LEA) proteins that protect cellular macromolecules from drought-induced damage. Transcriptomic studies have shown the upregulation of DHN genes in drought-tolerant black pepper genotypes, suggesting their role in maintaining cellular hydration and membrane stability. Osmotin (OSM), a pathogenesis-related protein, is also overexpressed under drought conditions, enhancing osmotic balance and cellular protection (Negi et al., 2021; Kumari et al., 2019).
Aquaporins (AQPs) and Water Transport Regulation- Aquaporins (AQPs) are membrane proteins that regulate water movement across cells during drought stress. Gene expression analysis has identified the upregulation of plasma membrane intrinsic proteins (PIPs), a subclass of aquaporins, facilitating water uptake and maintaining water-use efficiency in black pepper (Joy et al., 2013). A downregulation of certain aquaporins in drought-sensitive genotypes suggests that reduced water permeability may be a protective response under extreme stress conditions (George 2017)
Transcription Factors (TFs) regulating drought response- Several transcription factor families regulate gene expression in response to drought stress, including bZIP (Basic Leucine Zipper which controls drought-induced signalling pathways by modulating abscisic acid (ABA) response elements, MYB (Myeloblastosis), which regulates secondary metabolism, cell wall remodelling, and drought-induced gene activation, WRKY which is involved in stress signal transduction and defence responses under drought conditions, NAC (NAM, ATAF1/2, CUC2) which plays a role in drought-induced leaf senescence, stomatal regulation, and stress adaptation (Ma et al., 2021). These transcription factors activate stress-protective genes that enhance osmotic adjustment, antioxidative defence, and drought-induced metabolic shifts in black pepper (Negi et al., 2021; George, 2017).
7. GENOME-WIDE ASSOCIATION STUDIES (GWAS) AND CANDIDATE GENES
Recent genome-wide association studies (GWAS) and single-nucleotide polymorphism (SNP) analyses have successfully identified several quantitative trait loci (QTLs) associated with drought tolerance traits in plants. Complementing these findings, RNA sequencing (RNA-Seq) experiments uncovered 4,914 differentially expressed genes (DEGs) that play crucial roles in hormonal signalling pathways, metabolic processes, and protein stability mechanisms (Perera et al., 2014). Together, these insights enhance our understanding of the genetic basis underlying drought resilience and can inform future breeding strategies aimed at developing more drought-tolerant crop varieties. (Negi et al., 2021).
8. FUNCTIONAL GENOMICS AND BIOTECHNOLOGICAL APPROACHES
8.1. CRISPR-BASED GENOME EDITING FOR DROUGHT TOLERANCE
CRISPR/Cas9 technology can potentially edit key drought-responsive genes to enhance tolerance in black pepper. Targeting ABA-responsive genes may improve drought-induced stomatal regulation and water-use efficiency. Engineering overexpression of antioxidant-related genes could enhance oxidative stress protection under drought (Negi et al., 2021; George 2017).
8.2. DEVELOPMENT OF DROUGHT-TOLERANT CULTIVARS THROUGH MARKER-ASSISTED BREEDING (MAB)
Molecular markers (SSRs, SNPs) and transcriptome data are used in marker-assisted breeding (MAB) to develop drought-tolerant black pepper cultivars. Screening of high-yielding, drought-resistant accessions has identified elite genotypes with superior physiological and molecular traits. Integrating functional genomics, GWAS, and MAS will accelerate the development of resilient cultivars (Negi et al., 2021; Prakash et al., 2023; Kumari et al., 2019)
8.3. MOLECULAR MARKERS USED IN DROUGHT STUDIES
Molecular markers, including Simple Sequence Repeats (SSRs), Single Nucleotide Polymorphisms (SNPs), and transcriptome-based markers, play a crucial role in the identification of drought-tolerant black pepper genotypes. These markers facilitate advanced techniques such as genetic mapping, Marker-Assisted Selection (MAS), and Genome-Wide Association Studies (GWAS), thereby accelerating breeding programs aimed at improving drought resilience. Recent Next-Generation Sequencing (NGS) research has significantly contributed to this field by uncovering a wealth of genetic markers. For instance, studies have identified over 69,000 SSRs, providing a valuable resource for genetic analysis. Additionally, Genotyping-by-Sequencing (GBS) approaches have revealed approximately 276,230 SNPs in 26 chromosomes with an average density of 362.88 SSRs/Mb, offering high-resolution markers essential for precise genetic mapping. These advancements enhance our capacity to select and develop black pepper varieties better adapted to water-limited environments, ultimately supporting sustainable cultivation practices.
Negi et al analysed that 29 black pepper genotypes, 3,176 polymorphic SSRs were identified, of which 2,015 were hypervariable and useful for drought resilience studies. Cross-species transferability of SSRs was also tested, with 19 SSR markers amplifying across multiple pepper species, indicating their potential for comparative drought studies (Negi et al., 2022). Whole-genome sequencing identified numerous SNPs associated with drought response, enabling the precise selection of drought-tolerant genotypes. A ddRAD sequencing study by Das et al has identified hypervariable SNP loci, providing a robust tool for marker-assisted breeding. SNP analysis has revealed significant genetic variation in key drought-responsive genes such as dehydrins (DHNs), aquaporins (AQUA), and stress-related transcription factors (TFs) like MYB, WRKY, and bZIP (Das et al.,2023). SNPs have been used to track allelic variations in osmotic stress-related pathways, helping identify elite drought-tolerant black pepper genotypes. 
Advances in RNA-Seq and transcriptome profiling have facilitated the discovery of drought-responsive genetic markers in black pepper. Negi et al identified 4,914 DEGs in drought-stressed black pepper plants, many involved in ABA signalling, oxidative stress response, and osmotic regulation. Specific genes such as aquaporins, late embryogenesis abundant (LEA) proteins, and mitogen-activated protein kinases (MAPKs) showed significant upregulation under drought conditions (Negi et al., 2022). The Black Pepper Drought Transcriptome Database (BPDRTDb) was developed to catalogue putative molecular markers (SSRs, SNPs, and InDels) associated with drought tolerance. Functional markers from transcriptomic data are being integrated into genomic selection programs to accelerate breeding for drought resilience (Bawanga et al, 2025).
For genetic analysis and plant breeding, particularly black pepper (Piper nigrum), molecular marker research is essential. Due to their high polymorphism, repeatability, and co-dominant character, Simple Sequence Repeats (SSRs), also known as microsatellites, are the most commonly used markers. Marker-assisted selection (MAS) in breeding programs, gene mapping, and genetic diversity research are all aided by SSRs. SSR markers are identified by researchers using methods such as transcriptome analysis, genotyping-by-sequencing (GBS) techniques, and ddRAD sequencing, as well as genome-wide identification using Next-Generation Sequencing (NGS) (Ferreira et al, 2024)
These approaches allow for the discovery of thousands of markers across genotypes. SSRs benefit genetic diversity analysis, variety identification, and the construction of genetic maps to locate important traits. In black pepper, SSR markers have been used for genetic diversity studies and stress-related trait identification, with resources like the BlackP2MSATdb facilitating further research. A flowchart illustrating the identification and diverse applications of SSR markers in black pepper and other crops has been developed. These markers are also used in other crops like coconut, rice, and wheat for similar applications, including genetic mapping and improving breeding programs. (Negi et al. 2022)
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Fig. 2 A flowchart illustrating the identification and diverse applications of SSR markers in black pepper and other crops 
Molecular markers, such as Simple Sequence Repeats (SSRs), Single Nucleotide Polymorphisms (SNPs), and Expressed Sequence Tags (ESTs), have become indispensable tools in the genetic improvement of medicinal and industrial spice crops. These markers aid in identifying trait-linked loci, facilitate Quantitative Trait Loci (QTL) mapping, and support genetic diversity studies across cultivars. 
In garlic, for example, 642 SSRs have been identified from 21,694 EST sequences, while in Curcuma longa, SSRs occur at a density of one per 14.73 kb. SNPs linked to bulb weight and diameter have been reported in ginger and garlic, enhancing trait-based selection. In black pepper (Piper nigrum), high-throughput genome-wide studies have identified over 20,000 SSRs and more than 250,000 SNPs, many of which are associated with drought-responsive genes such as aquaporins, dehydrins, and key transcription factors. These markers have been integrated into genetic linkage maps and used in marker-assisted selection (MAS) to identify elite drought-tolerant genotypes. Furthermore, black pepper-specific resources like the BPDRTDb (Black Pepper Drought Transcriptome Database) now provide functional markers derived from transcriptomic data, further accelerating breeding efforts. Molecular markers offer a strategic advantage for enhancing stress tolerance, yield, and quality traits in black pepper and other economically important spices. (Das et al. 2023)
Microsatellite markers, or Simple Sequence Repeats (SSRs), are short, repetitive DNA sequences commonly used in plant genetics due to their high polymorphism, co-dominant inheritance, and reproducibility. In black pepper (Piper nigrum), genome-wide studies using tools like MISA have identified over 276,000 SSRs, while transcriptome-based approaches under drought stress have revealed gene-linked SSRs (SSR-FDMs). Genotyping-by-sequencing has also uncovered thousands of polymorphic SSRs across genotypes. These markers are valuable for genetic diversity analysis, QTL mapping, marker-assisted selection, and variety identification. SSRs have shown cross-species transferability among Piper species, and resources like BlackP2MSATdb now provide easy access to validated SSRs, supporting breeding efforts for drought tolerance and other traits. (Kumari et al. 2023)
Gene family analysis in black pepper has focused on the MYB-R2R3 gene family, which plays a major role in stress responses and metabolic processes. This family has been characterised genome-wide, with expression studies conducted in response to Phytophthora capsici infection. Collinearity analysis has also provided insights into the evolution of this gene family in black pepper. Regarding stress responses, black pepper's susceptibility to Phytophthora capsici, which causes foot rot and quick wilt, has been extensively studied. Comparative transcriptome analysis between resistant (Piper flaviflorum) and susceptible (Piper nigrum) species has identified key genes involved in resistance, particularly in phenylpropanoid metabolism. Histochemical analysis has shown lignin deposition as part of the defence response. Additionally, it has been seen that exploring the potential of grafting resistant Piper species as rootstocks to manage the disease and the development of transgenic black pepper with enhanced resistance through genes like osmotin. Black pepper's sensitivity to drought stress has also been studied. Researchers have analysed physiological parameters like relative water content and cell membrane leakage in drought-tolerant and susceptible genotypes (Prakash et al, 2023).
The Black Pepper Drought Transcriptome Database (BPDRTDb) catalogues genomic data from drought-stressed leaves, including differentially expressed genes and SSR markers. Studies have compared drought-tolerant varieties (e.g., Panniyur-5, Panniyur-9) with drought-sensitive ones (e.g., Panniyur-1), investigating their physiological and biochemical responses to water deficit. The role of substances like salicylic acid in mitigating drought stress has also been examined. Research on thermal stress has evaluated the effects of high temperatures and humidity on black pepper, particularly on stomatal conductance and other physiological variables under water deficit conditions. (Negi et al. 2022)
Biochemically, the biosynthesis of piperine, responsible for black pepper's pungency, has been studied in detail. Gene families involved in piperine production, such as GTF, CYP, HCT, BAHD-AT, and SCPL-AT, are highly expressed in black pepper berries. Additionally, the phenylpropanoid pathway, crucial for producing bioactive compounds and plant defence, has been viewed in unripe black pepper berries through transcriptome profiling. These studies provide important insights into black pepper’s stress responses and biochemical pathways, with implications for improving tolerance to pathogens and enhancing yield under challenging environmental conditions. (Negi et al. 2022)
9. QTL MAPPING AND MARKER-ASSISTED SELECTION (MAS) FOR DROUGHT TOLERANCE
Quantitative Trait Loci (QTL) mapping using molecular markers has facilitated the identification of genomic regions associated with drought adaptation. GWAS studies have identified QTLs linked to drought-induced leaf senescence, water-use efficiency, and root development, providing candidate regions for genetic improvement. Whole-genome SNP analysis has helped map drought-related traits, such as stomatal conductance, chlorophyll stability, and osmotic adjustment. Molecular markers (SSRs, SNPs) and transcriptomic data are now used in marker-assisted selection (MAS) to breed drought-tolerant black pepper varieties. Screening high-yielding, drought-resistant accessions using molecular markers has identified elite genotypes with superior physiological and molecular traits.
9.1. OMICS APPROACHES ENHANCING MARKER STUDIES
Molecular markers like SSRs, SNPs, and ESTs are powerful tools to improve spice crops by identifying important traits, mapping genes, and assessing genetic diversity. In crops like garlic and turmeric, thousands of SSRs have been identified, while SNPs have been linked to traits such as bulb weight and size in garlic and ginger. Over 20,000 SSRs and 250,000 SNPs have been discovered in black pepper, which is associated with drought-related genes like aquaporins and dehydrins. These markers are used in marker-assisted selection (MAS) to develop drought-tolerant varieties. Databases like BPDRTDb now provide easy access to genetic resources, helping breeders improve yield, stress resistance, and quality in black pepper and other spices. (Hao et al. 2016)
In a study by Yadav et al, several omics approaches, mainly transcriptomics and genomics, with support from metabolomics and proteomics, have been used to study drought stress in black pepper (Piper nigrum L.) (Yadav et al.,2011). Transcriptome analyses using RNA-Seq identified thousands of drought-responsive genes, including transcription factors like WRKY, MYB, and NAC, with validation through RT-qPCR. Tools like edgeR, GO, KEGG, and PlantTFDB were used for differential expression and pathway analysis. Genomic studies, including chromosome-scale assemblies and GBS, revealed over 20,000 SSRs and 250,000 SNPs, many linked to stress-related traits. Co-expression networks and protein interaction analyses have further clarified gene regulation during drought. Metabolomics helped correlate gene activity with biochemical changes, and proteomic predictions supported signalling pathway insights. Resources like BPDRTDb and BlackP2MSATdb now serve as valuable tools for black pepper improvement through marker-assisted selection and functional genomics. (George et al. 2017)
10.CHALLENGES AND LIMITATIONS
The use of molecular markers in black pepper (Piper nigrum) breeding has significantly advanced, yet several challenges continue to hinder its full potential. One primary issue is the complex genetic architecture of drought tolerance, which is influenced by multiple genes and environmental interactions. This complexity often leads to inconsistent marker-trait associations across different populations and growing conditions (George et al. 2017; Negi et al. 2020).
Although thousands of SSRs and SNPs have been identified through genome and transcriptome studies, such as the discovery of over 276,000 genomic SSRS and 250,000+ SNPS, only a small proportion have been validated or applied in field-level breeding (Negi et al. 2022). Moreover, EST-derived SSRs, though functionally relevant, often exhibit lower polymorphism, limiting their effectiveness in assessing genetic diversity and population structure (Mahadevan et al. 2024).
Another key limitation is the lack of efficient high-throughput genotyping platforms in many spice-growing regions, where resource constraints restrict the large-scale implementation of marker-assisted selection (MAS) (George et al. 2017). Additionally, limited access to well-characterised drought-tolerant germplasm and incomplete mapping of drought-related QTLs remain significant obstacles in breeding programs (Ajith et al. 2018).
Integrating multi-omics data that includes genomics, transcriptomics, proteomics, and metabolomics remains an early, often requiring advanced computational tools and expertise. Without proper data management frameworks, translating omics findings into functional breeding tools remains slow (Negi et al. 2020).
These challenges highlight the need for more robust marker validation, improved bioinformatics infrastructure, and stronger integration between molecular research and conventional breeding strategies.
11. FUTURE PROSPECTS
Despite significant progress in identifying and utilising molecular markers for drought tolerance in black pepper (Piper nigrum), several areas remain open for further exploration. First, integrating high-density SNP arrays and genome-wide association studies (GWAS) could enhance the resolution of trait-marker associations, especially for complex traits like drought tolerance (George et al. 2017; Negi et al. 2022). Developing pan-genomes and haplotype maps across diverse black pepper accessions would improve understanding of intraspecific variation and help identify novel alleles associated with stress adaptation. Additionally, combining multi-omics approaches such as transcriptomics, metabolomics, and proteomics, etc., can offer a more holistic view of drought response pathways, helping to pinpoint key regulatory genes and stress-responsive metabolites (Negi et al. 2020).
Emerging technologies such as CRISPR/Cas9 genome editing hold promise for precise manipulation of drought-responsive genes, including transcription factors like WRKY, NAC, and bZIP, which have been shown to regulate ABA signalling and ROS detoxification pathways. Moreover, more field-based validation of marker-trait associations is needed to ensure the effectiveness of marker-assisted selection (MAS) under variable agro-climatic conditions (Ajith et al. 2018).
Finally, expanding curated genomic databases like BPDRTDb and BlackP2MSATdb will continue supporting molecular breeding by providing accessible and functionally annotated marker information. By integrating these advances, future breeding programs can accelerate the development of high-yielding, drought-resilient black pepper cultivars tailored to the demands of changing climates.
12. CONCLUSION
Molecular marker technologies have significantly enhanced our understanding of drought stress responses in black pepper (Piper nigrum). The development and application of markers such as SSRs, SNPs, and transcriptome-based markers have facilitated marker-assisted selection (MAS), genetic diversity analysis, and the identification of drought-responsive genes. In addition, integrated omics approaches, particularly genomics and transcriptomics, have improved insights into key stress-regulated mechanisms, including hormone signalling, antioxidant defense, and transcriptional regulation.
To advance the practical implementation of genomics-assisted breeding, future efforts should focus on strengthening bioinformatics infrastructure, expanding collections of elite drought-tolerant germplasm, and rigorously validating candidate markers across varied environments. Continued interdisciplinary collaboration among molecular biologists, plant breeders, and data scientists will be essential for translating these findings into resilient black pepper varieties.
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