
Trends, Innovations, and Sustainable Practices in Coriander Production: A Global Perspective

Abstract: Coriander (Coriandrum sativum) is a key spice crop predominantly cultivated in tropical regions, including India, Mexico, Iran, China, and Syria. Among these, India stands as the world’s largest producer, consumer, and exporter of coriander. Other major exporting countries include Italy, Russia, Bulgaria, and Morocco, while the Middle East, Southeast Asia, the USA, the UK, and Germany are the primary importers. Over the past seven years, India's coriander exports have steadily increased, largely due to a decline in production in Bulgaria and Romania—traditionally strong competitors—owing to unfavorable weather conditions. India exports approximately 37,000 to 57,000 tons of coriander annually, valued at Rs. 39–49 lakh. The major importers of Indian coriander are Malaysia (36%), the UAE (14%), the UK (12%), and South Africa (10%). On the import side, India brought in about 3,775 tons of coriander during 2011–12, peaking at 44,485 tons in 2016–17. However, recent years have seen a decline, with imports reduced to 8,777 tons, valued at Rs. 7,250 lakh. Challenges such as climate change, declining soil fertility, labor shortages, and socio-economic constraints have underscored the need for advanced research in coriander production. Innovations in crop improvement, genetic engineering, biotechnology, and post-harvest technologies are vital for sustainable cultivation. One such innovation involves the use of maleic hydrazide as a chemical gametocide, offering a viable alternative to labor-intensive hand emasculation in coriander breeding programs. Genomic studies have identified conserved domains within relevant genes, suggesting their utility in future crop improvement efforts. In terms of post-harvest processing, cryogenic grinding has proven superior to ambient grinding, yielding better quality coriander powder. Additionally, treating coriander leaves with a solution of 0.1% magnesium chloride, 0.1% sodium bicarbonate, and 2% potassium metabisulphite for 15 minutes, followed by microwave oven drying, resulted in optimal chemical and sensory quality. For storage, aluminium foil packaging has been found to best preserve the quality of dried coriander leaves.
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1. Introduction
India, recognized as the world’s largest producer, consumer, and exporter of spices, plays a pivotal role in the global spice economy. Among the wide array of spices cultivated, coriander (Coriandrum sativum L.) stands out as one of the most economically and therapeutically significant. A winter-season crop from the family Apiaceae, coriander has been utilized since as early as 500 BC. The entire plant—including leaves, stems, and seeds emits a pleasant aroma and is used extensively in culinary, medicinal, and industrial applications. Coriander is cultivated for both its tender leaves and dried seeds. While the leaves are widely used to flavour curries, soups, chutneys, sauces, and as a garnish, the seeds are essential ingredients in curry powders, pickles, sausages, baked goods, tobacco, and liqueurs. In traditional medicine, coriander seeds are prized for their carminative, stomachic, expectorant, and appetite-stimulating properties (Saxena et al., 2022; Verma et al., 2023). The crop is also used for extracting essential oil and oleoresin, which find applications in the food, pharmaceutical, and cosmetic industries. Seeds are reported to possess additional medicinal values including diuretic, tonic, and aphrodisiac effects (Rahabhai, 2019). India produces nearly 80% of the world’s coriander seed, with major growing regions being Rajasthan, Madhya Pradesh, Uttar Pradesh, and southern states such as Andhra Pradesh, Karnataka, and Tamil Nadu. The crop’s therapeutic value is linked to its rich phytochemical profile. Compounds like gallic acid, thymol, and bornyl acetate contribute to its anticancer, anti-inflammatory, and autonomic relaxation-inducing effects (Mahleyuddin et al., 2021), underscoring its diverse utility. Despite its vast importance, coriander cultivation remains constrained by agro-ecological limitations, especially soil and climatic suitability. Though spices constitute a major segment of international trade, systematic studies addressing the suitability of soil resources for coriander cultivation are sparse. Early efforts by Shyampura and Sehgal (1995) emphasized the importance of soil and climate databases for sustainable crop planning. Detailed soil resource inventories are essential to understand land potential and constraints, and to ensure site-specific management strategies (Sharma et al., 2010). However, earlier studies (e.g., Saxena and Singh, 1982) largely ignored coriander-specific recommendations, and assessments suggest that most Indian soils are only marginally suitable for its cultivation.

In response to this gap, the National Bureau of Soil Survey and Land Use Planning (NBSS&LUP), Nagpur, in collaboration with the Department of Watershed Development, Government of Rajasthan and the ICAR–Central Arid Zone Research Institute, undertook resource mapping of Rajasthan—India’s coriander heartland—at a 1:250,000 scale using advanced geospatial technologies. However, a comprehensive national assessment of soil suitability for coriander is still lacking. Moreover, quality seed production in coriander is highly dependent on specific soil and climatic conditions. While studies have investigated yield and essential oil content, fruit quality remains a priority for breeders due to its direct impact on market value (Diederichsen et al., 2020). Environmental effects on morphological traits and strong genotype-environment interactions often reduce the efficiency of traditional breeding programs (Yilmaz, 2022). The advent of molecular marker technologies, particularly those based on DNA polymorphisms, has provided new avenues for improving breeding efficiency, as these markers are not influenced by environmental variables (Ramanatha and Hodgkin, 2002). Nevertheless, molecular studies in coriander are still in their infancy, and linkages between molecular markers and phenotypic traits are poorly established (Galata et al., 2014; Tomar et al., 2014). Given these challenges and opportunities, the present review aims to synthesize recent global advancements in coriander research, with a focus on enhancing productivity, quality, and sustainability through improved agronomic practices, soil-climate assessments, and modern molecular approaches.
2. Trends in area and production of coriander
Coriander (Coriandrum sativum L.) is cultivated across several regions of the world, with India, Morocco, Canada, Romania, Russia, and Ukraine being the leading producers in the global market. Other notable contributors include Iran, Turkey, Israel, Egypt, China, the United States, Argentina, and Mexico. Among these, India maintains its dominance as the largest producer, consumer, and exporter of coriander, accounting for approximately 80% of the global production, with an average annual output of around 8 lakh tonnes (Rahabhai, 2019). This is followed by Morocco (4.7%), Bulgaria and Canada (3.75% each), Romania (3.12%), Syria (2.5%), and China (2.2%). In terms of coriander seed production, India leads with 70% of global output, trailed by Bulgaria, Romania, and a collective contribution of 30% by other nations. Despite India’s leading position, coriander production has experienced fluctuations due to environmental and agronomic factors. In 2012–13, production was estimated at 5.24 lakh tonnes, which declined sharply to 3.0 lakh tonnes in 2013–14. This drop was primarily attributed to unseasonal rainfall during pre- and post-harvest periods, which caused substantial crop damage—approximately 30% due to weather, and 10% due to pest and disease incidence resulting in a total loss of nearly 40% for that season. A notable recovery occurred in 2016–17, when coriander cultivation expanded significantly, especially in the Saurashtra region of Gujarat. This shift was driven by erratic rainfall patterns that favoured coriander over more water-demanding crops such as cumin. However, from 2017 to 2019, coriander acreage again declined by 30–40%, primarily due to deficient monsoon rainfall in Gujarat and Rajasthan, prompting farmers to shift towards other rabi crops like wheat and chickpea for better economic returns. 
In 2020–21, coriander was cultivated over an estimated 6.61 lakh hectares, producing 8.31 lakh tonnes, marking a 65% increase in production compared to 2011–12 (Anon., 2021). Among the Indian states, Madhya Pradesh, Rajasthan, and Gujarat are the major producers. Madhya Pradesh accounts for the largest area and volume of production, while Gujarat leads in seed productivity. In the fiscal year 2022, Madhya Pradesh produced approximately 390 thousand metric tonnes from 290 thousand hectares. Gujarat followed with 175 thousand metric tonnes, while Rajasthan contributed 148 thousand metric tonnes. These trends underscore the critical role of regional climatic conditions, crop economics, and farmer preferences in shaping coriander production dynamics in India. 
3. Trends in export and import of coriander
India’s status as the world’s leading producer of coriander is further reinforced by its dominance in the global coriander export market. Major export destinations include Malaysia, Pakistan, the United Arab Emirates, Saudi Arabia, the United States, Yemen, and several other Asian countries. In the early 1960s, nearly the entire coriander output in India was consumed domestically. However, with the expansion of global trade, India gradually entered the export market. A significant boost in exports was observed during 2013–14 and 2014–15, mainly due to adverse weather conditions in Bulgaria and Romania, which reduced their supply. India capitalized on this opportunity, enhancing its market share and meeting increased global demand. According to export statistics, coriander exports from India surged by 35% in 2018–19 (April–January), reaching approximately 41,235 tonnes, up from 30,500 tonnes during the same period the previous year. Remarkably, by 2020–21, coriander exports had doubled in volume compared to 2010–11, despite disruptions caused by the COVID-19 pandemic. This upward trend continued into 2021–22, with India exporting nearly 57,000 tonnes of coriander, valued at ₹48,000 lakhs. Statistical analysis by Rahabhai (2019) indicated a significant positive growth rate in coriander export quantity (6.55%) at the 5% level of significance, and in export value (12.68%) at the 1% level during Period I. However, during Period II, a slight decline in export quantity growth (3.86%) was observed, likely due to increasing domestic demand. In Period III, coriander exports rebounded, recording a significant growth rate of 5.65% in quantity and 13.81% in value. In terms of product form, exports primarily comprised whole seeds (50%), splitted seeds (30%), and coriander powder and leaves (20%). While India is a major exporter, it also imports coriander to meet specific domestic and industrial requirements. Imports peaked in 2016–17 at 44,485 tonnes, but have since declined to 8,777 tonnes in recent years, valued at ₹7,250 lakhs.
Export pricing varies by destination, with higher prices observed in countries with lower domestic production. In contrast, India, South Africa, and Pakistan, being major producers, typically report lower coriander prices in their domestic and export markets. Domestically, Rajasthan remains the central market hub, while Chennai serves as the key trading centre in southern India. Over the last seven years, coriander prices have shown considerable fluctuation. The highest average price was recorded in 2015 (₹11,388 per quintal), while the lowest occurred in 2019 (₹7,074 per quintal). As of 2021, prices stabilized around ₹9,707 per quintal, indicating a steady market recovery. These trends underscore India's strategic position in the global coriander trade and the influence of both domestic and international factors on its export performance. 
4. Advances and directions in coriander 
4.1. Advances and directions in crop improvement 
Understanding the existing variability within a germplasm population is crucial for any effective selection strategy in crop improvement. Assessing genetic variability provides insights into the performance of individual genotypes and their potential for selection. The genotypic coefficient of variation (GCV) indicates inherent genetic differences among traits, while the phenotypic coefficient of variation (PCV) accounts for both genetic and environmental factors. When PCV exceeds GCV, it reflects a high degree of environmental influence, yet also indicates substantial variability and scope for genetic improvement. Conversely, low GCV and PCV suggest a narrow genetic base, requiring enhancement through hybridization or induced mutation, followed by selection in segregating generations. However, coefficients of variation alone do not provide insights into heritability—the proportion of total variability attributable to genetic factors. Heritability (in the broad sense), when evaluated alongside genetic advance, helps in distinguishing genetic gain from environmental noise. High heritability coupled with high genetic advance as percent of mean indicates additive gene action, ideal for selection-based improvement. Moderate heritability with low genetic advance implies the influence of dominance or epistatic effects, making selection less effective. Yield and quality traits in coriander are also significantly influenced by agronomic practices and environmental factors. Components such as 1000-seed weight, dry and fresh herb weight, plant height, number of umbels and branches, and essential oil content are major contributors to yield and are often the focus of breeding programs (Inan et al., 2014). Notably, plant height, while genetically influenced, is also subject to genotype × environment interaction. Interestingly, it may show a negative correlation with traits like seed yield, number of branches, and essential oil content (Katar et al., 2016). Breeding coriander for essential oil content is a key objective, although varieties with larger seeds typically exhibit lower oil and linalool content than smaller-seeded varieties (Verma et al., 2021). There is also limited research regarding the variability in floral and seed morphological traits. Moreover, environmental factors greatly affect essential oil accumulation, often more than genetic differences, as reported by Dyulgerov and Dyulgerova (2013). Water stress, for example, reduces branch number and significantly depresses seed yield and yield-related traits (Ghamarnia and Daichin, 2013). Farooq (2013) observed high GCV and PCV for most coriander traits, except plant height at harvest, 50% flowering, umbellets per umbel, seeds per umbellet, and 1000-seed weight, which displayed moderate variability. Correlation studies often reveal strong associations among traits, indicating potential for indirect selection. Path coefficient analysis provides further clarity by partitioning correlation coefficients into direct and indirect effects. Traits like test weight, number of secondary branches, and umbellets per umbel have shown significant positive direct effects on seed yield and should be prioritized in selection efforts (Ram et al., 2017). Incorporating biotechnological tools into coriander breeding programs has enhanced the precision and efficiency of trait selection. A range of molecular markers—AFLP, RAPD, RFLP, SRAP, CAPS, ISSR, SSR, and SNPs—are now utilized in crop improvement (Gupta and Rustagi, 2004). For instance, SDS-PAGE and RAPD markers were employed by Singh et al. (2013) to characterize 20 coriander varieties. SDS-PAGE revealed seven protein bands, with Sindhu exhibiting the lowest diversity (3 bands) and RCr-436 and RCr-684 the highest (7 bands). Among the seven bands, two were monomorphic, while five exhibited 78% polymorphism, indicating significant genetic diversity. Cluster analysis grouped all varieties into two major clusters: one including Sindhu and Sadhana, and the other comprising the rest. Further sub-clustering placed RCr-436 and RCr-684 together, distinct from the remaining varieties. This indicates genetic relatedness and divergence valuable for selection and hybridization.
Studies also identified genotypes DWD-7 and DWD-6 as suitable for both kharif and rabi seasons, while 96181-11 was best for rabi (Shridhar et al., 1990). For herbage yield, Pant-C-1 and 96161-11 were superior. Under Marathwada conditions, Surbhi showed the highest green yield (34 q ha⁻¹) and maximum shoot fresh weight, chlorophyll, and ascorbic acid content. DWD-3 demonstrated superior germination traits, followed by Surbhi (Dhokle et al., 2010). Further evaluations by Nandakumar et al. (2018) identified Rcr-475, Rcr-446, Rcr-41, Co-4, Dcc-4, and Acr-1 as promising genotypes. Among these, DCC-68 recorded the highest seed yield per plant (5.93 g), per plot (290.73 g), and per hectare (15.82 q), whereas DCC-72 recorded the lowest yield (9.60 q) (Dharmatti et al., 2018). Overall, integrating traditional selection with molecular marker-assisted breeding and understanding genetic variability and trait interrelationships through correlation and path analysis provides a robust foundation for coriander improvement programs.
4.1.1 Advances and directions in breeding methods 
Selection has long served as a cornerstone in plant breeding, allowing the identification and propagation of plants with desirable traits. In coriander, traditional methods such as mass selection, pure line selection, and recurrent selection have effectively enhanced characteristics like yield, adaptability, and quality. Although hybridization has seen limited success due to complex emasculation procedures, the application of chemical gametocides like maleic hydrazide has emerged as a promising alternative, facilitating efficient crossing and large-scale hybrid development (Kalidasu et al., 2019). In addition to selection, mutation breeding has significantly contributed to coriander improvement. Globally, over 3,000 crop varieties have been developed through induced mutagenesis. Gamma radiation remains the most commonly used mutagen in coriander, with studies by Salve and More (2014) demonstrating its efficacy in inducing genetic variability. Choudhary and Ramkrishna (2003) reported that increasing doses of gamma rays led to reduced germination rates and seedling height, with an LD50 estimated between 30–40 kR. Moreover, tall mutants observed in M3 and M4 generations showed increased protein content compared to their dwarf counterparts (Salve and More, 2017). Biotic stress, particularly from pathogens, poses a major challenge to coriander cultivation. The crop is vulnerable to a wide range of fungal, bacterial, and viral diseases. Seed-borne fungi such as Aspergillus flavus, Fusarium solani, and Rhizopus stolonifer are common (Samota and Singh, 2006), while viral threats include Apium virus Y and groundnut ringspot virus (Tian et al., 2008; Adams et al., 2014). One of the most devastating diseases is blight caused by Colletotrichum gloeosporioides, which has been particularly destructive in Karnataka, with peak infection at the 5-week seedling stage (Bhat and Ganesh, 1990). Breeding for resistant varieties and eco-friendly disease management strategies are critical, as highlighted by Khan and Ghazala (2016), to reduce dependence on chemical treatments.
Abiotic stresses such as drought, salinity, temperature extremes, and heavy metal contamination also constrain coriander productivity. Water stress, while affecting plant growth, seed quality, and nutrient content, appears to have a minimal effect on fatty acid and essential oil composition (Khorasaninejad et al., 2011). Experimental treatments with melatonin and sodium hydrosulfide (NaHS) have shown potential in mitigating heat and copper stress respectively (Martinez et al., 2018), while arginase activity has been identified as a potential biomarker of stress response in coriander (Siddappa et al., 2018). Foliar applications of triacontanol (TRIA) and nitric oxide help alleviate arsenic toxicity, though salinity remains a major factor reducing essential oil yield and polyunsaturated fatty acid content (Neffati and Marzouk, 2008). Genotypes such as LCC-150, LCC-143, and LCC-200 have shown high stress tolerance indices (Kalidasu et al., 2017), marking them as promising candidates for cultivation in marginal environments. Biotechnological advances have further expanded the possibilities for coriander improvement. Tissue culture techniques, particularly somatic embryogenesis, support in vitro regeneration, genetic transformation, and synthetic seed production. The induction of embryogenic callus using 2,4-D and subsequent development on half-strength MS medium has been optimized for plant regeneration (Murthy et al., 2008). However, somaclonal variation, including polyploidy and chromosomal abnormalities, is a recurring issue. To address this, flow cytometry is increasingly used to ensure genetic fidelity in regenerated plants, aiding in the clonal propagation of elite genotypes. The integration of genomics has revolutionized coriander breeding efforts. With the advent of next-generation sequencing (NGS), the Coriander Genomics Database (CGDB) was established to house genomic, transcriptomic, and metabolomic data useful for evolutionary and stress-resilience studies (Song et al., 2020). The reference genome of approximately 2118.31 Mb includes comprehensive annotations of transcription factors, SSR markers, and metabolic pathways. Transcriptome profiling via RNA-seq and expressed sequence tags (ESTs) from different tissues has enabled the identification of genes involved in aroma, taste, and abiotic stress responses (Tulsani et al., 2019), while studies by Yang et al. (2020) have elucidated stages of petroselinic acid biosynthesis, a key component of coriander oil. An important target for future breeding is resistance to stem gall disease, which significantly impairs both leaf and seed quality. Recent work has focused on the identification and expression profiling of resistance genes. Choudhary et al. (2020) found that the ACr-1 genotype exhibits enhanced expression of resistance-related genes, indicating its potential use in marker-assisted selection and gene cloning. The convergence of traditional breeding, molecular tools, and genomics has already led to the release of several improved coriander varieties geared towards high yield, stress tolerance, and disease resistance. Continued integration of these strategies promises to accelerate the development of resilient and high-performing cultivars for sustainable coriander production.
4.2. Advances and directions in coriander production technology 
Maintaining an optimum plant population per unit area is a crucial factor influencing both the quality and quantity of agricultural produce. Wider row spacing promotes luxuriant crop growth by minimizing competition for resources, thereby enhancing both yield and quality. Conversely, narrow spacing intensifies competition for nutrients, leading to suppressed growth and ultimately lower seed yield and quality. Therefore, identifying the most suitable row spacing is essential for maximizing seed productivity along with quality. According to Farooq (2013), the highest seed yield of coriander (6.46 q ha-1) was obtained from crops sown on 15th October, which was statistically on par with the yield from 1st October sowing (6.08 q ha-1). A consistent decline in seed yield was observed with each successive fortnight delay, with the lowest yield recorded on 1st December (1.06 q ha-1). The superior yields from early sowing dates may be attributed to favorable climatic conditions that supported optimal vegetative growth, including an increase in the number of branches per plant, which in turn contributed to better yield. In contrast, delayed sowing likely resulted in a shortened vegetative phase and hastened entry into the reproductive phase, negatively affecting canopy development, plant height, and branching.
Nutrient management also plays a pivotal role in coriander production. Trials involving different levels of nitrogen (0, 40, 80 kg ha-1), phosphorus (0, 30, 40, 60 kg ha-1), and potassium (0, 30, 60 kg ha-1) identified the combination of 40:60:30 kg ha-1 of N:P:K as the most effective, yielding 6.73 q ha-1 (Bhat and Sulikeri, 1992). Among plant growth regulators, brassinosteroids—a class of plant hormones—exhibit pleiotropic effects that promote growth, seed germination, flowering, and enhance stress tolerance (e.g., to drought, salinity, and temperature extremes), thereby improving crop productivity. Thiourea, a sulfur-containing compound, is known to enhance plant growth and dry matter partitioning, leading to increased grain yield. Similarly, the foliar application of naphthalene acetic acid (NAA) boosts physiological efficiency and photosynthetic activity, resulting in improved growth and yield in various crops (Sarada et al., 2008; Rai et al., 2020). In India, coriander is predominantly grown as a rainfed crop; however, there is significant scope for improving productivity under assured irrigation. Efficient irrigation practices are crucial for improving both yield and quality, especially given the growing water scarcity and the need to optimize water use efficiency. Drip irrigation (trickle irrigation) has been proven to be more effective than conventional surface methods, offering water savings of 30 to 70% and ensuring steady water availability to crops. Water and nutrient management through fertigation—applying dissolved fertilizers via the irrigation system—ensures precise input application, thereby improving both productivity and environmental sustainability.
Research highlights the significance of balanced nutrient management. Among all nutrients, nitrogen plays a particularly vital role in coriander seed production. Excessive or imbalanced nitrogen use can not only reduce seed yield and quality but also degrade soil health. Vikram et al. (2021) reported that the 'Hisar Sugandh' coriander variety yielded best under an irrigation schedule of 1.0 IW/CPE combined with 60 kg N/ha in the western region of Haryana. Intercropping also offers a promising approach to enhancing coriander yield. Field experiments conducted at the Agricultural Research Station, Devihosur during 2004–06 on black clayey soils under rainfed conditions involved chilli (cv. Byadagi Kaddi and Hy. 9646) with Jayadhar cotton as a mixed crop and various intercrops such as soybean, french bean, coriander (for both vegetable and seed purposes), garlic, and onion. Intercropping coriander (vegetable) with chilli + cotton significantly improved dry chilli (1122 kg ha-1) and kapas yield (580 kg ha-1) (Duragannavar et al., 2013). Furthermore, integrating coriander as an intercrop in sugarcane systems has shown pest management benefits. A study involving Trichogramma chilonis and different intercrops (coriander, soybean, french bean, bhendi) demonstrated that a 2:1 row ratio of coriander and sugarcane effectively controlled early shoot borer and increased T. chilonis activity. In contrast, sugarcane intercropped with bhendi resulted in higher pest incidence and lower T. chilonis abundance. The highest cane yield (92.18 t/ha), cane equivalent yield (100.54 t/ha), and net return (Rs. 63,498) were achieved with the sugarcane + coriander system, outperforming even the sole crop (Rachappa and Naik, 2000). In summary, the productivity and quality of coriander are influenced by multiple interrelated factors, including optimal spacing, sowing time, balanced nutrient application, efficient irrigation techniques, growth regulators, and intercropping strategies. A holistic approach encompassing these agronomic practices can significantly enhance the overall performance of coriander cultivation.
4.3. Advances and directions in the protected cultivation of coriander 
A simple and effective strategy for off-season cultivation of coriander and fenugreek for green leafy purposes has been developed, addressing the high demand and perishability of leafy spices. Coriander leaves, in particular, are an essential component of Indian cuisine, required year-round for flavoring dishes. However, their availability declines sharply during peak summer (May to July), leading to a steep rise in market prices. This challenge is compounded by the fact that leaves, being highly perishable, cannot be transported efficiently over long distances. To address this, the use of shade net-covered walk-in tunnels has emerged as a viable intervention, especially suitable for arid and semi-arid regions where summer temperatures often exceed 45°C. Structures with 50–60% shading intensity, when integrated with a low-pressure drip irrigation system, help maintain optimal growing conditions for coriander, mitigating the effects of heat and promoting the production of high-quality foliage. One of the major challenges in summer cultivation is early bolting in open fields, which can be minimized under protected cultivation. Genotypic differences in bolting response between open and shade-net conditions have also been observed.
Currently, farmers predominantly grow temperate-type coriander for leaf production, which offers vigorous vegetative growth and higher biomass. However, these varieties often lack the desired aroma, as the biochemical pathways for flavor compound synthesis are less active under plain-region temperatures (Singh and Singh, 2015). Frost injury poses another significant constraint in seed spice cultivation, particularly during the flowering stage from mid-December to mid-January. Tender umbel stalks are highly susceptible to frost, often resulting in complete yield loss. To mitigate this, low-cost frost barriers such as 1–1.5 m high plastic walls made from 150–200 µm transparent plastic sheets can be erected on the northern boundary of fields. These structures effectively block cold winds, reducing frost damage. They can be set up using GI pipes or bamboo poles, are reusable for 3–4 years, and can also serve other purposes like soil solarization. This method is especially valuable for crops like cumin and coriander, which are frequently affected by frost in several parts of India. In addition to frost barriers, temporary walk-in tunnels covered with transparent plastic sheets (150–200 µm) have also proven beneficial. These are constructed in a semi-circular arch using ½ inch GI pipes anchored on iron plates at 2.5–3.0 m spacing, with a central height of seven feet. Such tunnels not only protect crops from frost but also from unseasonal rainfall and hailstorms. The internal temperature increase accelerates vernalization, promoting earlier flowering and maturity by 20–25 days compared to open fields. Although the initial investment is higher, the durability of GI pipes (20–25 years) and the long lifespan of UV-stabilized plastic (3–5 years) make it cost-effective over time. These structures also reduce insect pest pressure and airborne disease transmission, thereby lowering the need for chemical interventions. Crops like coriander, ajwain, and cumin, which are sensitive to abiotic stresses, benefit significantly from such protective measures. Further supporting evidence by Gowtham and Mohanalakshmi (2018) confirms that shade net house cultivation substantially improves leafy coriander production, contributing to enhanced farmer income and sustainability.
4.4 Advances and directions in post-harvest technology
4.4.1 Modified storage conditions for better shelf life of coriander (Coriandrum sativum L.)
Green leafy vegetables, including coriander, are characterized by high rates of respiration and transpiration, leading to rapid physiological deterioration soon after harvest. Even under refrigerated conditions, their shelf life remains relatively short due to ongoing metabolic activity. One promising approach to mitigate these losses is Modified Atmosphere Packaging (MAP), which involves the use of low oxygen and elevated carbon dioxide levels to slow down respiration and associated biochemical changes. In the present investigation, freshly harvested and uniformly matured coriander leaves were pretreated with 100 ppm chlorine dioxide (ClO₂) and packaged using three different packaging materials—low-density polyethylene (LDPE), high-density polyethylene (HDPE), and polypropylene (PP). These packages were flushed with three MAP gas combinations: 3% O₂ + 5% CO₂, 4% O₂ + 5% CO₂, and 5% O₂ + 5% CO₂, and stored under refrigerated conditions at 7 ± 1 °C and 80 ± 5% relative humidity for a period of 7 days. Among the various treatments, coriander stored in LDPE bags with 3% O₂ + 5% CO₂ exhibited the lowest respiration rate, coupled with superior moisture retention and chlorophyll preservation. This treatment also demonstrated minimal color degradation and higher vitamin C retention throughout the storage period. However, after 7 days, a slight onset of decay with water-soaked appearance was observed, suggesting the shelf life limit. Nonetheless, this combination significantly outperformed conventional refrigerated storage, confirming the potential of MAP in prolonging the post-harvest quality of coriander (Chaitra et al., 2020). In a complementary study, Biradar (2022) reported that coriander leaves treated with a solution containing 0.1% magnesium chloride + 0.1% sodium bicarbonate + 2% potassium metabisulphite for 15 minutes and dried using a microwave oven exhibited superior chemical stability and sensory attributes. Furthermore, aluminium foil was identified as the most effective packaging material for maintaining the quality of the dried product during storage. Beyond fresh storage, value addition through spice processing is vital, especially in a country like India where spices play a crucial role in cuisine. Ground spice powders are the preferred form for culinary use, but concerns over quality, hygiene, and volatile compound retention are common with traditional grinding techniques. Cryogenic grinding, which involves grinding at ultra-low temperatures using liquid nitrogen (LN₂), has emerged as a promising alternative for maintaining the quality of spices. A cryogenic grinding system with a processing capacity of 30–35 kg h⁻¹, developed at CIPHET, Ludhiana, includes an integrated cryogenic pre-cooling unit of similar capacity. The system is compact and uniquely designed to accommodate both hammer and pin mills, with fully automated control over operational parameters. Importantly, it features a LN₂ vapor recirculation system, which reduces liquid nitrogen consumption and enhances cost-efficiency. Adequate safety mechanisms are incorporated to prevent operational hazards.
4.4.2. Techniques of essential oil extraction
Essential oils (EOs) are complex mixtures of highly volatile compounds, predominantly synthesized and stored by plants as secondary metabolites. These compounds play crucial ecological roles, such as attracting pollinators or repelling herbivores and pathogens, and are often produced in response to environmental stress. In industrial contexts, essential oils are strictly defined as volatile components extracted via hydro-distillation or mechanical cold pressing (particularly for citrus peels). Products obtained using other solvents are categorized as aromatic extracts rather than true essential oils. While more than 3,000 plant species are known to produce essential oils, only around 300 are commercially exploited. Among these, citrus and mint oils dominate global production, with orange oil exceeding 50,000 tonnes annually. Nonetheless, oils such as rose and jasmine, although lower in volume, command significantly higher market value due to their complex profiles and extraction difficulties. Modern extraction methods, including supercritical fluid extraction (SFE), especially using carbon dioxide (CO₂), are gaining prominence as alternatives to traditional techniques. SFE is particularly advantageous for preserving the native aroma profile of the plant material, as the process is conducted at relatively low temperatures and pressures, thereby avoiding thermal degradation and hydrolytic reactions. Additionally, SFE yields solvent-free extracts, which is critical for food and fragrance applications. The selectivity of supercritical CO₂ can be finely tuned by adjusting operational parameters such as pressure and temperature. However, a significant limitation of SFE lies in its high capital cost and technological complexity. Moreover, due to the use of a non-traditional solvent (CO₂), oils obtained through SFE are not recognized as "essential oils" in the strict regulatory sense, which can lead to reduced market value. A comparative study on coriander (Coriandrum sativum L.) essential oil extraction evaluated conventional techniques such as hydro-distillation and solid–liquid extraction with methylene chloride, against green extraction methods like supercritical fluid extraction (SFE) and subcritical water extraction (SWE). In the case of SFE, two pressure levels were assessed—100 bar and 300 bar, with other variables kept constant. For SWE, three temperatures were investigated: 100°C, 150°C, and 200°C, under otherwise identical conditions. The results revealed that Soxhlet extraction and SFE at 300 bar and 40°C yielded the highest extraction efficiencies, producing 14.45% and 8.88%, respectively. Conversely, SWE at 100°C resulted in the lowest lipid extract yield (0.36%). Despite the relatively lower yield of SWE, it was noted for extracting valuable polyphenolic compounds, thereby enhancing the nutraceutical potential of the extracts. Furthermore, while hydro-distillation primarily isolated the volatile fraction, SFE was effective in extracting both essential oils and vegetal lipids, offering a more comprehensive chemical profile. These findings support the notion that SFE and SWE serve as sustainable and efficient alternatives to traditional extraction methods. While SFE offers superior aroma fidelity and oil quality, SWE contributes additional functional compounds, which may be advantageous in food and pharmaceutical applications. Thus, the integration of green extraction techniques holds considerable promise for improving the efficiency, safety, and quality of essential oil production from coriander and other aromatic plants (Pavlic et al., 2015).
5. Conclusion
Despite notable progress in coriander research, most advancements have been limited to biotechnological studies, with insufficient emphasis on crop improvement and post-harvest management. Emerging technologies like nanotechnology, though promising, remain underutilized in this domain. A comprehensive, multidisciplinary approach that integrates agricultural biotechnology, precision farming, and modern processing techniques is vital to achieving sustainable productivity and enhanced quality in coriander. Future research should prioritize the collection, conservation, and characterization of germplasm for breeding; development of drought-tolerant and processing-suitable cultivars; identification of genetic markers for resistance to biotic and abiotic stresses; and efficient water-nutrient budgeting for optimal yields. Additionally, creating crop simulation and yield forecasting models, establishing production and post-harvest practices aligned with international standards, and standardizing on-farm processing technologies will collectively contribute to value addition, market competitiveness, and the long-term viability of coriander as a high-value spice crop.
6. Future line of work
Advancements in coriander research have predominantly focused on biotechnological studies, with limited progress in crop improvement and post-harvest handling. The emerging field of nanotechnology also holds untapped potential for enhancing coriander cultivation and processing. To achieve long-term and sustainable improvements, integrated agri-biotechnological interventions are essential. Key future priorities should include the systematic collection, conservation, and cataloguing of germplasm for effective breeding; development of drought-tolerant and processing-friendly varieties; identification of genetic markers for resistance and susceptibility to various stresses; implementation of water and nutrient budgeting for targeted productivity; creation of crop simulation and yield forecasting models; formulation of production packages that comply with international standards; and the standardization of on-farm processing technologies to improve quality, reduce losses, and enhance value addition.
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	Fig. 1. Trends in area, production and yield of coriander in India


	Fig. 2. State wise trend in area of coriander in India


	Fig. 3. State wise trend in production of coriander in India


	Fig. 4. State wise trend in productivity of coriander in India

Table 1. Recently released coriander varieties
	Variety 
	Characteristics
	Released by the institute

	Suguna (LCC– 236)
CVRC notified
	· Suitable for growing in Andhra Pradesh, Gujarat, Rajasthan, Tamil Nadu, Uttar Pradesh
· Average yield  - 7.5-13.5q ha-1
	RARS, APHU, Lam, Guntur, AP

	Rajendra Dhania
 (RD 385)
	· Climatic resilient coriander variety with high yield (14.09 q ha-1) and high oil (0.52 %)
	Rajendra Agricultural University, Dholi, Bihar

	Chhattishgarh
C Dhania-1
	· Climatic resilient coriander variety suitable for both leafy and seed purpose
· moderately resistant to powdery mildew and aphids
· Average yield -13-22 q ha-1
	CARS, Raigarh, IGKV

	ACr-2
	· Biotic stress variety with stem gall resistance, high linalool content 
· Average yield 15.30q ha-1
	ICAR NRCSS Ajmer

	GDLC1
	· Having excellent quality, erect growth habit, bears good flavor in Gujarat
	 Sardarkrushinagar Dantiwada Agricultural University, Jagudan, Gujarat

	Gujarat Coriander 3
	· excellent aroma in seed due to 8.36 percent higher linalool content in seed than that of Gujarat coriander 2 (State check variety)
	

	Ajmer Coriander-1 
	· Resistant to stem gall, Dual-purpose, late maturity 
· Seed yield 10-12 q ha-1, Essential oil in seeds ~0.4 % 
· Suitable all over the country under irrigation
	NRCSS, Ajmeer, Rajasthan

	Ajmer Coriander-2
	· 12.93 q ha-1 average seed yield
· Superior in quality, seed contains 0.54 % essential oil and 71.7% linalool
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