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Orchids are one of the most diverse and economically significant plant families, recognized for their ornamental, medicinal, and commercial value in global floriculture. However, the conservation of orchid species faces significant challenges due to habitat destruction, illegal trade, and climate change. In situ and ex situ conservation approaches, including advanced micropropagation technologies, have been pivotal in preserving the genetic diversity of endangered orchids. Cutting-edge modern biotechnological techniques including in vitro propagation, cryopreservation, and seed banking and its integration can be promising in the conservation of orchids. Furthermore, international policies such as Convention on International Trade in Endangered Species of Wild Fauna and Flora have been enacted to regulate the trade of orchids, though illegal harvesting persists. This paper offers a comprehensive overview of both conservation strategies and the commercial aspects of orchids, emphasizing the need for balanced trade and sustainable conservation practices.
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1 Introduction

Orchids are the most beautiful ornamental flowering plant across the world due to their attractive appearance with respect to flower shape and colors. Orchid belongs to family Orchidaceae, which is the second largest among flowering plants (Bhatt, 2020). The name orchid is derived from the root tuber which is similar to testicle, and they have diversified habitats in nature, such as epiphytes, lithophytes, terrestrial, and saprophytes (Venkaiah et al., 2020). The Orchidaceae family has 24,500 species, 788 genera, and 10,000 orchid hybrids and cultivars (Sheehan and Sheehan, 1994; Mabberley, 1997; Dressler, 2006). Orchids are present worldwide, mainly in three areas, viz., Tropical America, Indo-Malayan, and Eastern Himalaya, except Antarctica (Bhatt, 2020). South America is also having a vast orchid diversity. The diverse agro-ecological conditions of India favored the occurrence of a rich orchid biodiversity with 135 species from warm coastal regions to the cool Himalayan regions of India, which provided temperate, sub-tropical, and tropical regions (Hegde, 2020). India has two biodiversity hotspots, viz., northeastern region and western ghats (Bhatt, 2020). Orchids occur in both epiphytotic as well as terrestrial form in Eastern Himalayan and Western Ghats and the middle altitude of approximately 1,500–2,500 m in Western Himalayan. The epiphytotic orchid species are abundantly present in tropical forests (72%) (Karthikeyan, 2000). In Sikkim, there are 529 species classified under 132 genera, comprising seven intraspecific taxa (six variations and one subspecies) (Maity et al., 2019).

The orchid flowers have racemose inflorescence with three petals and sepals and show a bilateral symmetry. The flowering stem varied from basal (Cymbodium), apical (Dendrobium, Cattleya), and axillary (Vanda) (Buanong and Uthairatanakij, 2020). The orchid flowers are perishable in nature, which leads to senescence and wilting. This phenomenon has been associated with ethylene sensitivity which varied in different orchid flowers (Buanong and Uthairatanakij, 2020). The orchid plants have many applications in various areas such as food, medicines, ornamentals, flavoring (vanilla), tea, charms, aphrodisiacs, clothing, art, poisons, narcotics, and religious ceremonies (Cuoco and Cronan, 2009; Koopowitz, 2001). Among the orchid species, Vanilla is well known for its edible fruits. It is utilized for the preparation of vanillin, a natural essence (Chugh et al., 2009). The Vanilla species is suitable for plant tissue culture studies as it has been utilized for in vitro multiplication (Kalimuthu et al., 2006), somatic embryogenesis (Janarthanam and Seshadri, 2008), genetic transformation (Malabadi and Nataraja, 2007), and in vitro conservation approach (Divakaran et al., 2006). Bulbophyllum is another important orchid plant that has medicinal value. Bulbophyllum is useful in the treatment of fever, tuberculosis, inflammation, etc (Kumari et al., 2012; Pant, 2013). Some of the Bulbophyllum species such as B. neilgherrense, B. odoratissimum, and B. sterile are also useful in leucoderma and rheumatism (Rajendran et al., 1997; Shanavaskhan et al., 2012).

India is having vast genetic resources of orchids across the northeastern and western ghats. South America is the megadiverse center worldwide for orchid, and Brazil and Colombia both have rich orchid diversity. The conservation of these genetic resources is of utmost priority for orchid breeders. There are several approaches of germplasm conservation which have been used in orchids, i.e., in situ (Qin et al., 2012) and ex-situ (Seaton et al., 2010; Gogoi et al., 2012) approaches, in vitro conservation (Maneerattanarungroj et al., 2007; Martin and Pradeep, 2003; Lopez-Puc, 2013), and cryopreservation (Merritt et al., 2014; Schofield et al., 2018). Through this chapter, an attempt has been made to discuss the different methods used for the conservation of orchids via traditional as well as modern methods.




2 Global orchid status

Orchids are one of the popular plant groups as cut flowers (De, 2015; FloraHolland, 2015) and as potted plants (USDA, 2016) in the global floriculture trade, which accounts for approximately 10% of the global fresh cut flower trade (De, 2015). The global import value of all cut flowers was $8,490 million during 2019, which is a 6.1% decline from the previous year, but there was 3.0% average annual growth for the 5-year period in 2015–2019. The quality traits of orchid which attribute to its superior value as cut flower include the variable unique attractiveness, long shelf life, high productivity, right season of bloom, and ease of packing and transportation. Orchids are also commercially known for other purposes, such as medicinal products and food. Commercially known orchids are generally propagated artificially, raised under protected conditions, and traded as cut flowers.

Orchids are widely distributed all over the world, with over 25,000 species and several hybrids. Many species are classified as endangered due to habitat loss, climate change, and over-collection (Fay and Rankou, 2016). Conservation initiatives by organizations such as the IUCN and CITES attempt to preserve orchid biodiversity. The whole orchid family (Orchidaceae) is offered protection through Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES) (UNEP-WCMC, 2017). This is done to ensure that worldwide trade does not pose any threat to wild populations (Dhanda et al., 2022). Over 30,000 orchid species are included on CITES Appendix II, which would imply that the trade of these plants is allowed with some degree of restriction to prevent some forms of unlimited exploitation of these species. There should be strict rules on trading them, especially regarding those specimens which were collected in the wild, and the required CITES permits should be obtained (Dhanda et al., 2022). The list of some of the most endangered orchids includes one that is found in CITES Appendix I, which prohibits the commercial and international trade of wild specimens. They include several separate species, such as Peristeria elata and Cattleya jongheana and also the genera Paphiopedilum and Phragmipedium. Nevertheless, it is possible to trade artificially propagated plants upon obtaining the permits (Dhanda et al., 2022).

Orchid species are routinely evaluated in connection with the International Union for Conservation of Nature (IUCN) Red List. Only 3,400–4,000 or 3% to 4% out of the estimated 27,800 or more orchid species are assessed to date, but a substantial number of them, about 56%–59% is threatened (critically endangered, endangered, or vulnerable) (Fay, 2018; Wraith and Pickering, 2018). In its Red List, the IUCN has cited illegal collection, deforestation due to forestry, development and agriculture, and climate change as the key threats to orchids. The issue with threats and level of the risk may be influenced by region and form of growth (terrestrial or epiphytic) (Wraith and Pickering, 2018). Due to the ongoing extinction in the wild, IUCN (Orchid Specialist Group) carries out a global program of orchid assessment, research, and conservation management. It highlights the necessity to protect the habitats together with the ex situ conservation (including botanic gardens) as an issue of the highest priority (Kumar et al., 2024).



2.1 Species contributions in global markets

Global orchid production has been active in tropical and subtropical countries, many of which have automated and efficiently managed large greenhouses. The most important exported potted orchid in the trade at present is Phalaenopsis, which has tremendous breeding and micropropagation technology achievements in several countries, such as Belgium, The Netherlands, Taiwan, and Thailand. Another reason for its popularity is the ease of its controlled flower induction for scheduled and year-around production. Cut orchids such as Cymbidium, Dendrobium, Oncidium, and Vanda are important cut flowers worldwide. Orchids are now quite popular in the global market, partly due to their long shelf-life, diverse colors, and other desirable traits pursued by consumers, depending on the location or culture. European Union (EU) and the United States are the most important countries or areas for marketing of assortments of orchid products. New markets for orchids are increasing annually.

As of the 2000s, Cymbidium was one of the most popular orchids, cultivated commercially for horticultural utilities like cut flowers, potted plants, medicines, etc., and is a valuable genetic resource. These orchids are grown in cooler climates at higher elevation and are originated from tropical and sub-tropical Asia (De et al., 2019). Cymbidiums were rated the highest in European countries, with major international markets at Singapore, Japan, and Dutch. In Singapore markets, Cymbidium orchids imported from The Netherlands were valued at US$11.18 per stem—while those from New Zealand were at US$3.33 per stem in Japan—and fetched the highest value of about 331 Euro cents per stem at a Dutch auction during 2003–2007 (De et al., 2019). Cymbidium has also marked its zone in the favorable hill ecology of Arunachal Pradesh, Sikkim, and Darjeeling, particularly the northeastern hill states of India. More than 250 Cymbidium hybrids are cultivated commercially in East Sikkim, covering an area of 25 ha and producing 5 lakhs spikes per year. This region has been announced as Agri-Export Zone of Cymbidium orchids in India.

Phalaenopsis orchid holds the largest market share in the global orchid market with value at US$1,293.8 million in 2020 (De et al., 2019). Phalaenopsis is the second most known potted flowering plant and cut flower across the globe, which are commercially cultivated in Japan, The Netherlands, Taiwan, Germany, and the US. These orchids are easy to grow, have varieties of hues, forms, and sizes, have long vase life, and is available throughout the year. Taiwanese Phalaenopsis orchids were valued at US$13 million during 2006 in the US market, having a worldwide turnover value of US$35.4 million.

Dendrobium accounts for the majority of orchid cut flower trade, besides being the second largest genus of Orchidaceae family. Dendrobiums of unique variations are grown throughout the world. Thailand is the major grower and largest exporter of Dendrobium orchids, accounting for 22% of supplies to European nations (De et al., 2019). Other genera grown in Thailand for global trade includes Vanda, Mokana, Oncidium, Cattleya, and Ascocenda.

Recently, Cattleya has taken center stage with high growth rate in the global orchid market and predicted expectancy of 5.6% compounded annual growth rate (CAGR) during the forecast period of 2021–2027. Big showy blooms and ease of growth make Cattleya cultivation incredibly rewarding. The popularity of Cattleya in decorative ornaments has been attributed to boost its growth. The popularity of cattleyas can be estimated from the fact that around two million Cattleya flowers are sold annually in the US market at US$ 4.89 per unit (Pant et al., 2020). Singapore had started with orchid currency way back in 1967, with Cattleya being depicted on $100 currency against a Singapore waterfront (Kirti et al., 2012). In Thailand, around 2.7% of the total orchid export is shared by Cattleya orchids for which Japan and Singapore are the major importers (De et al., 2019). Vanda, grown throughout the Australasia region, is also well known among global traders, collectors, and hobbyists.




2.2 Global import of orchid cut flowers

According to data from International Trade Centre 2020, the import of cut orchids was valued at $214 million in 2019. The cut orchid import value faced an average of 1.4% annual decline over the past 5 years. Japan is known to be the world’s largest importer of cut orchids. In 2019, Japan imported $62.4 million worth of cut orchids, accounting for 29.2% of the global import value. Next to Japan, the United States stands in second place as the largest importer of cut orchids worth $22.9 million, which is 10.7% of the global import value. Other major cut orchid importers are Italy, China, Vietnam, the United Kingdom, France, Germany, Singapore, and Australia, respectively. The Japanese market receives the largest cut orchids worth $28.9 million from Taiwan, which accounts for 46.3% of all Japan imports. Another 32.1% of all Japanese cut orchids import worth $20.0 million came from Thailand, serving as the second largest source. Other major exporters to the Japanese market in 2019 were Vietnam, New Zealand, Malaysia, China, South Korea, Singapore, and Australia. Meanwhile, in the US market, Thailand was the major exporter of cut orchids at $13.0 million, holding a 57.0% share of all US imports. The second largest exporter was The Netherlands with a value at $6.7 million or 29.5% of all US imports, with a 12.3% decline from 2018 to 2019. Other important exporters to the US market were New Zealand, Vietnam, Malaysia, and Taiwan.

The demand for orchid cut flowers is increasing, particularly in regions such as Europe, North America, and Japan. International trade is restricted to prevent the exploitation of wild populations (Hinsley et al., 2017). The largest importing countries are the United States, Germany, and The Netherlands.





2.3 Global export of orchid cut flowers

Orchids are known for the variability of ornamental traits based on geographical location. Hence, export of certain types of orchid in a commercial scale would be from the respective favorable locations to another where it is preferred and is in demand. The Netherlands and New Zealand are well known for their Cymbidium; The Netherlands and Taiwan for Phalaenopsis; Malaysia, Singapore, and Thailand for Dendrobium and Mokara; and Taiwan and Thailand for Oncidium and Vanda. The Netherlands was the world’s largest cut orchid exporter, with an export value of $83.8 million in 2019, a 37.6% share of the total global export value, and a 10.3% decline over 2018. The second largest cut orchid exporter was Thailand, having a value worth $69.9 million, with a 31.3% market share and a 2.5% decline over 2018. Taiwan was the third largest cut orchid exporter at $36.5 million, with a 16.3% market share and a 27.6% growth over 2018. Other exporters were Singapore, New Zealand, Vietnam, China, Malaysia, South Korea, and Belarus. Global trade data shows Thailand to be exporting the largest quantity of cut orchids worldwide at 23,089 tons, while The Netherlands exported 4,328 tons, and Taiwan exported 2,093 tons.

Thailand, The Netherlands, and Taiwan are among the largest exporters of orchid cut flowers. These countries have developed extensive cultivation systems to meet the global demand (Sharma, 2017). Biotechnology has played a crucial role in improving production efficiency and disease resistance.




2.4 Trading of wild orchids

Apart from the commercially popular species, wild orchid trading has also been reported, which are often illegally harvested. This practice dates back to the Victorian era, wherein numerous tropical orchids were collected for export to Europe (Sanders, 2017). There was widespread practice of wild orchid trades to Europe, the USA, and Japan until the Convention on International Trade in Endangered Species (CITES) was established during the 1970s (Cribb et al., 2003; Koopowitz et al., 2003). Even then, this trade of wild plants continued with the demand from domestic (Flores-Palacios and Valencia-Diaz, 2007), regional (Phelps and Webb, 2015), and professional collectors (Hinsley et al., 2015; Phelps, 2015). Meanwhile, many countries formally document commercial trade in wild plants, like Cambodia (Hinsley, 2011), China (Shepherd et al., 2007; Gale et al., 2014), Indonesia, Vietnam (Hinsley et al., 2016), Thailand, Myanmar, Lao (Schuiteman, 2013; Phelps and Webb, 2015), Nepal (Subedi et al., 2013), Mexico (Flores-Palacios and Valencia-Diaz, 2007), Peru (Cribb, 2005), Costa Rica, Madagascar, and Malaysia.





3 Orchid germplasm collections

Priorities and strategies for the collection followed by their conservation are defined based on the economic value of the cultivated species, distribution of wild species, and its potential use in crop improvement program for sustainable utilization and conservation of the genetic resources. In India, ICAR-NRC for Orchids, Botanical Survey of India, and various state and regional universities and institutes have carried out several explorations to collect and conserve the valuable orchid resources across the country.



3.1 Status of collections

ICAR-NRC for Orchids, Sikkim, carried out several explorations to different parts of the country for the collection and conservation of valuable orchid germplasm since 1996. Structured and well-planned explorations were conducted in the orchid-rich biodiversity hotspots. The germplasm collections were made as plantlets, tubers, capsules fruits, seeds, and floral parts. They were acclimatized and conserved in orchidariums and used in breeding programs. To date, ICAR-NRC for Orchids has collected and preserved the germplasm of ~400 species from across the country. Among the collections, 83 species are rare, endangered, and threatened (RET), and 52 species are of medicinal interest. The RET collections include Dendrobium draconis, D. ruckeri, D. praecinctum, Diplomeris hirsuta, Ornithochilus difformis, Paphiopedilum fairrieanum, P. venustum, P. villosum, P. hirsutissimum, P. spicerianum, Renanthera imscootiana (red vanda), Satyrium nepalense, Taeniophyllum retrospiculatum, Vanda coerulea (blue Vanda), Zeuxine flava, and Z. reflexa. The collected orchid germplasm is being utilized successfully in the breeding program to develop new varieties and hybrids. The other research institutes, universities, and regional research organizations are maintaining their collections in their respective locations. Collection of the precious orchid germplasm will be more focused on rare, endangered, and threatened (RET) species, which could be helpful for the identification of trait-specific germplasm and can be saved/conserve for future needs (Ram Pal et al., 2022).

To counter the mounting dangers to orchids, various conservation projects have been launched at
the global, national, and local levels. The International Union for Conservation of Nature (IUCN)
Red List examines orchid conservation status and identifies extinction-risk species (Fay et al., 2015). Many orchids are also protected by the Convention on International Commerce in Endangered Species of Wild Fauna and Flora (CITES), which governs international commerce to prevent overexploitation (Hinsley et al., 2017).

Protected areas and botanical gardens play an important role in orchid conservation by preserving both in situ and ex situ populations. Orchid restoration initiatives have been successfully implemented in a variety of places (Cribb et al., 2003). Furthermore, breakthroughs in biotechnology, like as micropropagation and cryopreservation, have improved the ability to protect rare and endangered orchid species (Chen et al., 2006).





4 Threats to orchid germplasm

Orchids are vulnerable to environmental change (Gale et al., 2018) due to their unique habitat and growth requirements. Orchids are ecological indicators because of their sensitivity to habitat fragmentation and anthropogenic disturbance (Martín-Forés et al., 2022). Out of 28,000 known species (WCSP, 2010), IUCN Global Red List has assessed about 1641 orchid species as of July 2020, out of which 747 species are tagged as “threatened” and 197 as “critically endangered” (Fay, 2020). There are numerous factors which trigger the drastic reduction of the orchid population. Most impactful threats are illegal orchid trade, habitat destruction, unsustainable or illegal harvesting and collection for horticulture, food, or medicine, and climate change.

Orchids suffer various problems, including habitat destruction, unlawful collection, climate change, and the introduction of exotic species (Vogt-Schilb et al., 2016). The fast conversion of forests into agricultural land and urban projects has resulted in the fragmentation of natural orchid habitats, rendering populations more vulnerable to extinction.

Illegal harvesting for horticultural and therapeutic purposes exacerbates the demise of specific orchid species. Many orchids are gathered from the wild to suit a market demand, frequently without using sustainable procedures. Species with great commercial value, such as Paphiopedilum and Dendrobium, are especially vulnerable.



4.1 Illegal trade and indiscriminate collection of wild orchids

Among the factors stated above, illegal trade may be considered the biggest threat to orchid
population (Chaudhary, 2021). This practice encourages local
indiscriminate collection due to demand and requirements for food or medicine. Illegal and
unsustainable orchid collection is reported to have a significant impact on species like Cattleya, Laelia, Renanthera, and some slipper orchids, while some orchids have been removed from the wild to the point of extinction. However, most of the collections are not necessarily for horticulture commercial purposes and do not impose much threat (Cribb et al., 2003; Fay et al., 2015). In order to control illegal smuggling, all orchids were placed on the appendices of CITES (Cribb et al., 2003). However, the illegal trade across international border continues without permits under CITES (Fay et al., 2015; Hinsley et al., 2018). Cases of non-systematic documentation of orchid trade are reported for traditional medicines in East Asia, food in the eastern Mediterranean and the Middle East (Kreziou et al., 2016; de Boer et al., 2017), and chikanda in South-Eastern Africa (Veldman et al., 2014).

Measures are being taken during the course of time in order to check illegal trade. Proper regulation and documentation of trade dynamics, strengthening legal trade, and raising the profile of orchid trade among policy makers, conservationists, and the public have been suggested (Hinsley et al., 2018). Efforts are likewise being made to check on cases of non-compliance with CITES regulations (Ghorbani et al., 2014; Hinsley et al., 2017). Other measures include the development of DNA-based technology to identify orchid species incorporation in food stuffs, making it feasible for creating records (de Boer et al., 2017). On the contrary, documentation of orchid species unintentionally on CITES has become a limiting factor for the collection of scientific studies and conservation research (Roberts and Solow, 2008).

The illegal trade in wild orchids is a multibillion-dollar business fueled by collectors, traditional medicine practitioners, and horticulture hobbyists (Hinsley et al., 2017). Many orchid species, including rare and endemic types, are illegally transported across borders, breaking CITES and national conservation laws (Phelps et al., 2015).

Unregulated harvesting has a negative impact on wild populations, causing habitat damage and species decrease. Orchids rely on certain mycorrhizal fungus for germination, making it difficult to repopulate once populations have been depleted in their natural environments (Swarts and Dixon, 2009a). This indiscriminate harvest jeopardizes biodiversity and disrupts environmental equilibrium.

Although international conventions like CITES govern orchid commerce, enforcement is challenging because of weak legal frameworks and limited resources (Fay, 2016). Smuggling networks take advantage of regulatory gaps, frequently mislabeling species or laundering wild orchids through legitimate commerce channels (Ghorbani et al., 2014).




4.2 Habitat loss and climate change

Orchids play important roles in ecosystem health and resilience but are deeply impacted by habitat loss and climate change. The rapidly declining number of orchid species in the wild is driven by the continuous habitat loss due to various reasons—most significantly, climate change (Wraith and Pickering, 2018; Wraith et al., 2020; Liu et al., 2010; Seaton et al., 2013). The slipper orchids were reportedly assessed for the Global Red List recently due to habitat destruction and unprecedented collection (Fay and Rankou, 2016; Wang et al., 2021). Other reasons for habitat loss include deforestation, change in land use, reproduction complexity, and relying on other organisms for life cycle (Swarts and Dixon, 2009a; Hinsley et al., 2018). This is triggering latitudinal and altitudinal shifts of species around the globe. Apart from the slipper orchids, nearly 56.5% of orchid species are under threat of extinction, and action should be taken urgently to conserve them. There is a report that two-thirds of habitats of 25 hotspots of biodiversity has been lost, bringing about a higher risk of extinction of many species (Brooks et al., 2002). In a different incidence, drastic change was observed in the species composition of orchids in a Mediterranean island as a result of change in land use (Vogt-Schilb et al., 2016). Habitat loss is also triggering latitudinal and longitudinal shifts of species around the globe.



4.2.1 Orchids and habitat loss



4.2.1.1 Vulnerability to habitat changes

The primary sources of damage to the habitat are the damage of deforestation, agriculture, and urbanization, which are the leading causes of the decline in orchids across the world (Wraith and Pickering, 2018; Kumar et al., 2024). A number of orchid species are especially vulnerable to any alterations in the environment due to their specific ecological requirements, e.g., their special relations with certain fungi and insect pollinators.




4.2.1.2 Population decline and extinction

The population of orchids has reduced drastically due to land destruction and spread of habitat. The number of native orchids has declined by up to half in certain regions (including the UK) (Wraith and Pickering, 2018). Habitat degradation and over-collection to supply the horticulture trade, especially among rare and visually spectacular genera, have even led to species extinction.




4.2.1.3 Conservation efforts

Orchid conservation revolves around ex situ cultivation in botanical gardens, establishment of reserves, conservation of habitats, and legislative measures. Due to the high degree of their reliance on natural habitats and symbiotic species, orchids continue to need in situ conservation.

The habitat of orchids is being translocated to climatically suitable locations (Thammasiri, 2015). The condition is intensified by the complex interactions with other organisms, pollinators, mycorrhizal fungi, and host trees, which impose a higher risk as these biotics are also affected by habitat or climate change. This signifies the vulnerability of orchids in the face of global change.





4.2.2 Orchids and climate change



4.2.2.1 Climate changing sensitive

Orchids are particularly susceptible to alterations in temperature and precipitation because they depend on sensitive microclimates, specific pollinators, and even compatible mycorrhizal fungi in order to survive (Barman and Devadas, 2013). Climate change may have led to less reproductive success due to implications on fungal symbiont survival, pollinator availability and timing, timing of orchid flowering, and seed germination (Barman and Devadas, 2013).




4.2.2.2 Migration and range shifts

Global warming is causing the shifting of many orchids to higher latitudes or altitudes where their natural distribution and weather wellbeing are to be found or sometimes leading to population decline when the orchids’ habitats are no longer available (Barman and Devadas, 2013).




4.2.2.3 Ecosystem roles and indicators

Orchids are an essential component of ecosystems; some, especially epiphytic orchids, which form a substantial percentage (as much as 19%) of canopy plants in tropical forests can assist in the process of water regulation and filtering (Hernández-Mejía et al., 2024). Forces that affect their numbers can be signals to the presence of more dramatic environmental disturbances, and their health and presence are indicators of the health of the ecosystem and climate.







5 Germplasm conservation approaches

Numerous evaluations have been written about orchid conservation; Western Australia hosted the first International Orchid Conservation Congress in 2001 (Dixon et al., 2003). Effective conservation will also depend on maintaining the vital connections with animals, fungi, and other plants that enable them to survive. The improvement in orchid species documentation—including how many species should be recognized, where they occur, and how they are related to one another—provides the background information needed to establish conservation priorities. Given the significance of these relationships, the subject for the 5th International Orchid Conservation Congress, which took place on La Réunion in 2013, was “Making the Links” (Fay et al., 2015; Fay, 2016).

Particularly in tropical locations, many orchid groups remain little understood, and phylogenetic studies will be required to determine the number of species that should be recognized as well as those that are phylogenetically separated and, as a result, of great conservation significance—for instance, Borba et al. (2014) demonstrated that the little-known and uncommon monospecific genus Cotylolabium from Brazil occupies a unique position as a sister to the rest of the subtribe Spiranthinae. As such, it should be given top priority for conservation because it shares the same amount of phylogenetic history (Fay, 2018). Genetic research can be used to determine which populations or regions should be given top priority for conservation at the population level.



5.1 In situ method

The conservation of orchids involves protecting the natural habitat of the species, encouraging orchid biodiversity, and ensuring the survival of the rare species of orchids. Anthropogenic activities and natural calamities, disappearance of habitats, and large-scale illegal trade are the causes that may lead to the risk for the extinction of thousands of rare and endemic species in protected areas and sanctuaries. Hence, in situ conservation should also be supplemented with appropriate ex situ conservation measures. The in situ conservation of species is most desirable for orchids as it ensures their natural growth, proliferation, and perpetuation, which allow the process of evolution to continue as part of the natural ecosystem. The protection of natural habitats by establishing sanctuaries, biosphere reserves, and forest reserves; the salvation of plants from degraded and threatened habitats and their culture in orchidaria, botanical gardens, and other rescue centers; and the propagation of threatened plants through in vivo/in vitro approaches and their re-introduction into well-protected habitats are among other measures suggested for orchid conservation. The most effective approach to the in situ conservation of orchid species takes into account the life history traits of the species and the roles of mycorrhizal fungi and pollinators.

Conservation through in situ comprises the protection of species in its natural habitat. This approach focuses on overall habitat protection and ensures the conservation of species and its associated biota. In India, protected areas (PA) in the form of national parks and sanctuaries are declared under Wildlife (Protection) Act, with a main focus on faunal wealth but may incidentally include orchid habitats also. In situ areas may not entirely serve the purpose of orchid conservation but definitely assist in the process. Establishing orchid sanctuaries is a focused approach. A few have been attempted in the states of Arunachal Pradesh and Sikkim. A biosphere belt with trans boundaries is another way of conservation of natural habitat for orchids and epiphytes (Shashidhar, 2013). Biosphere reserves are adaptable protected areas that maintain the globally recognized genetic diversity in the representative environment. Under the “Man and Biosphere” (MAB) initiative, UNESCO first proposed the creation of a biosphere reserve in 1971. In 1979, the world’s first biosphere reserve was created. There are currently 564 biosphere reserves established in 109 nations worldwide (De and Singh, 2019).

India has an intricate protective area network (PAN) comprising 86 national parks and 480 wildlife sanctuaries covering approximately 4.66% of the total geographical area of the country and is expected to further expand in the future (Ram et al., 2011). This PAN protects the species that are present in those forests. Unfortunately, many important and endangered orchid species lie outside the PAN (viz., Paphiopedilum druryi in Aghasthymalai hills of Kerala, Vanda coerulea in Meghalaya, Paphiopedilum wardii and P. spicerianum in Assam, and Renanthera imscootiana in Arunachal Pradesh). At present, the orchids also figure prominently in the Red Data Book prepared by the International Union for Conservation of Nature (IUCN). The entire family has been included in Appendix-II of Convention on International Trade in Endangered Species of Wild Fauna and Flora (CITES), of which the international trade is strictly controlled and monitored (Pant, 2013). There are some species, such as Liparis olivacea, which have already been extinct from the wild (Subedi, 2011). A few state governments like Arunachal Pradesh, Sikkim, Karnataka, and West Bengal have designated the orchid-rich habitats as “orchid sanctuaries” under the Wildlife Protection Act, 1972 (amended in 1992). Any attempt to remove orchids from their natural habitat should be considered poaching or smuggling. Liu et al. (2020) found that approximately 52.2% of 1,582 orchid species have been discovered in at least one national nature reserve, and approximately 26% (412 species) have been found in three or more national nature reserves; these estimates are generally in agreement with those of Qin et al. (2012).




5.2 Ex situ method

The ex situ method is the preservation of germplasm outside the natural habitat (De and Pathak, 2018). Some orchid conservation organizations have the principal aim of establishing reserves, one being the Orchid Conservation Alliance (OCA), which states that “preservation of natural orchid habitat preserves the orchids, their pollinators, their genetic diversity, and other fauna, as well as the birds, frogs, insects, reptiles, and mammals in the forests where they live” (OCA, 2017). However, this will not in itself be sufficient, given the pressures that orchids face from habitat destruction, unsustainable harvesting, and climate change. Meeting these challenges will, in many cases, also involve a combination of creating new habitats, transplantation, and ex situ conservation in seedbanks and living collections. The Gran Canaria Declaration II on Climate Change and Plant Conservation in 2006 stated that “ex situ collections have a key role to play in securing the conservation of wild plant species as natural resources, as an insurance policy for the future, as a basis for restoration and reintroduction programs, and as support for adaptation of livelihoods to climate change and shifting climate zones”. The ex situ conservation principle refers to off-site selection and storage of genetically representative seeds and, where applicable, somatic tissues, regeneration of plants from the stored material, continued cultivation of species to produce conservation units (Johansen and Rasmussen, 1992; Seaton and Pritchard, 2003), and storage of ecologically competent orchid mycorrhizas.



5.2.1 Orchid seed bank

Ex situ conservation strategies such as propagation and seed banking are fundamental components in any integrated conservation approach (Cribb et al., 2003), providing long-term security. Millions of seeds are produced in a single capsule of orchids. However, they lack the functional endosperm and require specific mycorrhizal association for germination under natural conditions; consequently, the percentage of germination is low. Many orchids have been germinated through asymbiotic technique where germination is found to be as high as 90%. The seeds of orchids are orthodox in nature (Seaton et al., 2010) and provide a great scope for long-term storage through low temperature.

Orchid seed banking has been shown to be an invaluable tool for conserving the maximum amount of genetic diversity in the minimum space and has the potential to enable the conservation of valuable material for possible re-introduction and habitat restoration programs in the future. The Darwin Initiative project, “Orchid Seed Stores for Sustainable Use” (OSSSU), is currently establishing a global network of orchid seed banks focusing initially on countries with high orchid biodiversity in Asia and Latin America (Seaton et al., 2010). The Orchid Seed Bank Challenge in Western Australia has achieved seed storage and mycorrhizal selection for three quarters of the 408 native terrestrial species in southwestern Australian biodiversity hotspot (Swarts and Dixon, 2009a, b), and the global Darwin Initiative project Orchid Seed Stores for Sustainable Use (OSSSU) has, at the time of writing, already exceeded its initial 3-year target of 240 species by a considerable margin, and a new interim target of 1,000 species has been set. In another case, an orchid cryo-seed bank in Singapore has successfully stored seeds of native species including Cymbidium finlaysonianum, Cymbidium bicolor, Grammatophyllum speciosum, Dendrobium crumenatum, Spathoglottis plicata, Bulbophyllum vaginatum, and Dendrobium anosmun (Yam et al., 2010). They followed the following procedure for storing the seeds: (1) collect fresh seeds from healthy, mature seed capsules, (2) desiccate the seed for several days in a desiccator which contains a saturated solution and calcium chloride, (3) transfer a small quantity of dried seeds to a 2-mL cryogenic vial, and (4) store the vial in a liquid nitrogen freezer. These conserved seeds can be germinated as and when required through and in vitro technique in different germination medium like MS medium (Murashige and Skoog, 1962) and Knudson C medium, depending on the species.




5.2.2 Field gene reserves

Field gene reserves will include botanical gardens, orchidariums, and conservatory centers,
wherein germplasm is collected from a natural habitat or from other sources including commercial houses and nurseries and are maintained in the field or protected structures. Plants growing in living collections are an important resource for educational and research purposes in botanical gardens (Villanueva-Almanza, 2021), but cultivation specifically for conservation is demanding and only rarely practiced effectively (Ramsay and Dixon, 2003). A potential problem with living collections that needs to be addressed is the restricted size of the gene pool of most species in cultivation. Botanical gardens tend to have either one specimen or a very small number of clones of any one species. From the perspective of conservation, it would be more useful to grow large populations of at least some species, thereby providing a better representation of the wider gene pool and an insight into within-species diversity as well as the diversity of orchid species. There is an opportunity for botanical gardens to coordinate their activities through organizations such as Botanical Gardens Conservation International (BGCI) and to exchange information about what plants reside in their collections and to exchange pollens of endangered species.

In the UK, Plant Heritage (formerly the National Council for the Conservation of Plants and Gardens) plays an important role in recognizing important plant collections (Oakeley, 2000) to conserve, grow, propagate, document, and make available out of the amazing resources of garden plants that exist in the UK. The United States Botanic Garden houses over 27,000 orchid species which were confiscated in the US under CITES regulations and which are conserved ex situ where the plants are used for research and showcased for educational displays and programming (Villanueva-Almanza, 2021). The National Botanical Garden (NBG) of the National Academy of Sciences of Ukraine plays the lead role in ex situ conservation and propagation of tropical plants in Ukraine (Cherevchenko et al., 2007) and contains about 4,500 plants representing approximately 170 genera and 450 natural species (not counting the artificial hybrids and cultivars). Most of the species of the collection (more than 70%) are native to Southeast Asia, whereas the remaining 30% are orchids from South America and Central America, with a few genera from Africa (including Madagascar). In China, the ex situ conservation of endangered P. armeniacum is successful aided at the National Orchid Conservation Center of China in Shenzhen (referred to as the Orchid Center) (Wang et al., 2021). In India, Botanical Survey of India (BSI) is maintaining three national orchidaria and experimental gardens, with one each at Tamil Nadu, West Bengal, and Meghalaya, where representative species of the region are being cultivated (De and Pathak, 2018). Similarly, Arunachal Pradesh State Forest Research Institute is maintaining a large number of orchid species at Orchid Research Centres as a measure of the ex situ conservation of orchids. At present, there are 13 botanical gardens in India maintaining a number of orchid species. Moreover, in the field gene banks of TBGRI, Trivandrum, nearly 600 different species and 150 hybrids of orchids are maintained; NRC for Orchids, Pakyong, Sikkim has nearly 90 different genera and a number of hybrids of commercial orchids, and Orchid House at Panjab University, Chandigarh maintains nearly 100 species of orchids and some hybrids of commercial importance (De and Pathak, 2018). Recently, an orchidarium has also been established at IBSD, Shillong, Meghalaya, and the same project has been replicated at COA, Kyrdemkulai, Meghalaya to render awareness and training to the local mass on the importance of orchid conservation (Devi and Behera, 2020).





5.3 In vitro method

Plant tissue culture (PTC) is a viable tool for the conservation and micro-propagation of plant germplasm, particularly for plants like orchids, which require a rapid regeneration of their populations (Chugh et al., 2009; Bhattacharyya et al., 2016, 2018; Sahoo et al., 2018), and the conservation of parental characteristics (Bhattacharyya et al., 2017). Moreover, the establishment of in vitro germplasm banks through PTC can save valuable resources such as materials, space, and labor (Singh et al., 2015; Pacheco et al., 2016), conserving the plant species for an indefinite period of time (Reed et al., 2013; Kendon et al., 2017). However, establishing this conservation strategy requires the development of a system of conservation for each species studied (Offord CA, 2017). Asymbiotic seed germination techniques, applied for the conservation of endangered and threatened taxa, have been reported to be useful in the reintroduction of many orchids (Pedroza-Marique et al., 2005; Stewart and Kane, 2006; Deb and Imchen, 2006). Since the population size of endangered orchid Vanda coerulea is steadily declining, asymbiotic seed germination technique was used to increase the population size because orchid seed germination is a slow process (Roy et al., 2011). In vitro-raised seedlings of these orchid species were acclimatized and reintroduced in natural habitats.

Generally, the in vitro storage of cultured propagules could be achieved through two different methods. Firstly, a plant material was subjected to direct storage, where established cultures of protocorms and somatic embryos were transferred to growth chambers with various low temperature and light intensity. The low-temperature storage of orchid callus also proved to be of considerable importance for the preservation of genetic diversity and specific clones (Sivasubramaniam et al., 1987). Similarly, Na and Knodo (1995) reported on the tissue culture shoot primordium method that holds promise for the long-term conservation of the gene resources of the Yunnan threatened orchid Vanda pumila and can be, furthermore, applied to stable, clonal mass propagation of ornamentally important strains after artificial selection.

In the second method, the plant materials were encapsulated by sodium alginate, using Ca(NO3)2 as the gelling agent to develop synthetic seeds. These synthetic seeds were subsequently stored at various temperatures, with or without growth retardants. The alginate coat protects the micropropagule and thus has practical application for the germplasm conservation of an elite plant species and exchange of axenic plant materials between laboratories (Hung and Trueman, 2011; Ahmad et al., 2012). Alginate-coated, nonembryogenic micropropagules were relatively inexpensive to produce and easy to handle, transport, and plant. Furthermore, they can be used for cryopreservation via encapsulation dehydration and encapsulation vitrification techniques (Wang et al., 2002). During storage, encapsulated propagules require no transfer to fresh medium, thus reducing the cost of maintaining germplasm in vitro (West et al., 2006).

Furthermore, though attempts have been made to propagate orchid species in vitro using various explants (Anuprabha et al., 2017; Arora et al., 2016; Bhatti et al., 2017; Borah et al., 2015; Kaur et al., 2017) so as to develop effective protocols for in vitro propagation, the data is meager in terms of the size of the orchid family. There is a need for studies on genetic stability to avoid the somaclonal variants and slow growth cultures for longer storage duration to avoid frequent transfers.




5.4 Cryobiotechnology

The conservation of plant genetic resources for a long term is the necessity of the time, and it has been achieved through an innovative technique known as cryopreservation. It is helpful in preserving the plant germplasm in its original form and is a valuable method by which a plant species which has been threatened to extinction can be preserved for a longer period. This method is most suitable for perennial plants which have long gestation period such as mulberry, apple, mango, rubber tree, etc. By using this technique, the plant material remained in the non-dividing phase and all of the activities, i.e., biochemical and biophysical, were seized when the material is subjected to -196 °C under liquid nitrogen (Kartha, 1985). The movement of molecules is suspended at very low (negative) temperatures, and the liquid phase settled in cells (Vasco, 2002). Biological reactions like respiration and enzymatic series are also suppressed (Benson et al., 1998). The most important application of cryopreservation is germplasm storage and multiplication in a pathogen-free environment which helps in germplasm exchange. It is a simple and cost-effective approach which allows the storage of germplasm accessions for a longer period, making this method suitable for germplasm conservation of orchids and other crop plants. The different explants such as buds, roots, tubers, apical meristems, pollens, somatic and zygotic embryos, and other parts can be stored efficiently and can be used for the regeneration of genetic resources (Bajaj, 1995). After thawing, the stored explant is capable of producing the whole plants through in vitro propagation methods (Engelmann, 1991). In orchid, Thammasiri (2000) reported on the cryopreservation of Thai wild orchid Doritis pulcherrima using vitrification method. The other methods such as encapsulation–dehydration, encapsulation–vitrification, and droplet–vitrification have also been studied and successfully used in orchid species (Sopalun et al., 2010a, b). A large number of orchid species have been conserved through cryopreservation methods, which have been reviewed nicely by Vendrame et al. (2014) (Table 1). The cryopreserved parts such as protocorms and seeds have the ability to develop into normal seedlings (Thammasiri, 2020). Cryopreservation has resulted in good results in terms of regeneration after cryopreservation as Thammasiri (2002) obtained 99%, 95%, 62%, and 85% germination, respectively, in Thai orchid species. Vanilla is another important orchid species conserved using the vitrification process (Gonzalez-Arnao et al., 2020; Hernández-Ramírez et al., 2014).


Table 1 | Cryopreservation of orchid species.
	
	Orchid species
	Explant
	Technique
	Reference



	1
	Doritaenopsis
	Cell suspension culture
	Vitrification
	Tsukazaki et al. (2000)


	2
	Doritis pulcherrima
	Protocorms
	Vitrification (PVS2)
	Thammasiri (2000)


	3
	Dendrobium candidum
	Protocorms
	Air drying method dehydration
	Bian et al. (2002)


	4
	Anoectochilus formosanus Hayata
	Seeds
	Cross-pollination
	Shiau et al. (2002)


	5
	Bletilla striata
	Immature seeds
	Vitrification
	Hirano et al. (2005)


	6
	Dendrobium sp.
	Pollen and seeds
	Vitrification/PVS2
	Carvalho (2006)


	7
	Dendrobium hybrids
	Pollen
	Vitrification
	Vendrame et al. (2008)


	8
	Dendrobium cariniferum
	Protocorms
	Encapsulation-vitrification (PVS2)
	Pornchuti and Thammasiri (2008)


	9
	Dendrobium cruentum
	Protocorms
	Vitrification; Encapsulation-dehydration
	Thammasiri (2008)


	10
	Dendrobium cariniferum
	Protocorms
	Encapsulation/vitrification
	Thammasiri (2008)


	11
	Rhynchostylis gigantea
	Protocorms
	Vitrification
	Thammasiri (2008)


	12
	Seidenfadenia mitrata
	Protocorms
	Vitrification
	Thammasiri (2008)


	13
	Dendrobium candidum
	Protocorms
	Encapsulation-vitrification
	Yin and Hong (2009)


	14
	Dendrobium Bobby
	Protocorms
	Vitrification
	Antony et al. (2010)


	15
	Dendrobium Bobby
	Protocorms
	Encapsulation vitrification
	Antony et al. (2011)


	16
	Phalaenopsis bellina
	Protocorms
	Encapsulation-dehydration
	Khoddamzadeh et al. (2011)


	17
	Dendrobium nobile
	Protocorms
	Vitrification
	Vendrame and Faria (2011)


	18
	Dendrobium Sonia-28
	Protocorms
	Encapsulation-dehydration
	Pouzi et al. (2011)


	19
	Dendrobium Swartz hybrid Dong Yai
	Protocorms
	Vitrification
	Galdiano et al. (2012)


	20
	Dendrobium nobile
	Protocorms
	Encapsulation-vitrification; Encapsulation-dehydration
	Mohanty et al. (2012)


	21
	Dendrobium Sonia-28
	Protocorms
	Encapsulation-vitrification
	Ching et al. (2012)


	22
	Bratonia
	Seeds, Protocorms
	Liquid nitrogen
	Popova et al. (2003, 2004)


	23
	Tropical orchids
	Seeds
	Liquid nitrogen
	Nikishina et al. (2001)


	24
	Cattleya intermedia, Encyclia pygmaea, E. odoratissima, Grobya sp., Oncidium flexuosum, Oncidium pumilum and natural hybrid Laeliocattleya
	Seeds
	5C
	Pardo-Alverez and Ferreira (2006)


	25
	Oncidium bifolium Sims
	Seeds
	Encapsulation-dehydration
	Flachsland et al. (2006)


	26
	Dendrobium sp.
	Seeds
	Dehydration/PVS2 vitrification
	Vendrame et al. (2007)


	27
	Rare orchids
	Seeds and Protocorms
	Vitrification
	Nikishina et al. (2007)


	28
	Vanda coerulea Griff. ex Lindl
	Seeds
	Vitrification
	Thammasiri and Soamkul (2007)


	29
	Dendrobium chrysotoxum, Dendrobium cruentum, Dendrobium draconis, Doritis pulcherrima, Rhynchostylis coelestis, Vanda coerulea
	Seeds
	Vitrification
	Thammasiri (2008)


	30
	Dendrobium hercoglossum
	Seeds
	Encapsulation-vitrification
	Thammasiri (2008)


	31
	Bletilla striata
	Seeds and Protocorms
	Vitrification-droplet
	Jitsopakul et al. (2008)


	32
	Crytopodium hatschbachii Pabst
	Seeds
	Encapsulation-dehydration
	Surenciski et al. (2012)


	33
	Oncidium flexsusom Sims
	Seeds
	Vitrification
	Galdiano et al. (2013)


	34
	Dendrobium Walter Oumae
	Shoot tips
	Encapsulation/dehydration
	Lurswijidjarus and Thammasiri (2004)


	35
	Mokara Golden Nugget Orchid
	Shoots
	Vitrification
	Safrinah et al. (2009)










5.5 Biotechnological application and trade in orchids

Biotechnological methods are crucial in creating ornamentals with enhanced floral and “high-value” qualities. They are frequently used to change the color, scent, look, disease resistance, and shelf life of flowers, among other things (Tiwari and Jen Tsung, 2023; Tiwari et al., 2023). With the aid of genetic engineering, the desired characteristics of orchids can be chosen, and the flowering time, color, scent, and vase life can all be controlled. Using the mutant ethylene receptor gene, the first attempts at genetic engineering were made to improve growth and vase life in Oncidium and Odontoglossum orchids (Raffeiner et al., 2009). Since they have shorter vase lives than Phalaenopsis, Oncidium and Odontoglossum are less commercially successful orchids. A flower-specific promoter was used by Raffeiner et al. to create the Arabidopsis ethylene receptor mutant gene etr1-1, which decreased the transgenic orchids’ sensitivity to exogenous ethylene and extended their vase life. Similar to this, P. amabilis’ adaptive response to cold stress was successfully produced through genetic engineering in orchids by inserting the rice gene for the cold-inducible lipid transfer protein (LTP). Gene such as the class 1 Knox DOH1 gene added to change growth and morphology. Their overexpression in Dendrobium under in vitro conditions resulted in aberrant numerous shoot developments and decreased cytokinin content (Yu et al., 2001). Modern disease diagnosis techniques made possible by biotechnological developments have allowed for both laboratory and field detection. Through nucleic acid amplification, a sophisticated chip-based integrated microfluidic system has been created for automated, quick virus detection. By purifying pathogen-specific RNA from the diseased sample, this method was used to detect Cymbidium mosaic virus (CMV), the most common orchid virus (Chang et al., 2013). The biotechnologies of orchids have been totally transformed by recent developments in genetic manipulation techniques, which have also created new opportunities for “hybrid” creation with desired traits. With the development of genetic transformation technologies and the production of transgenic mutants with the desired features, the genetic modification of orchids has seen considerable success (Tiwari et al., 2024).




5.6 Application of molecular approaches and its impact in society

Orchid molecular biology research has accelerated our understanding of their genetics, evolution, and special characteristics to a great extent. It has also contributed largely in conservation, horticulture, medicine, and trade. Important orchid characteristics such as flower shape, color, flowering period, fragrance, resistance to disease, and medicinal properties have been found by molecular research such as genome sequencing, transcriptomics, and genetic transformation (Zhang et al., 2022; Li et al., 2022)—for example, scientists have been able to identify flower color and shape-controlling genes through the sequencing of more than a dozen orchid genomes. These characteristics are important for scientific evolutionary research as well as for developing new commercial varieties with desired traits (Zhang et al., 2022; Li et al., 2020).



5.6.1 Societal impact



5.5.1.1 Conservation

Molecular methods have refined population genetics research and have rendered conservation to be more targeted for threatened orchid species. Conservationists can more effectively manage and restore orchid species under threat from habitat loss and over-exploitation through an understanding of genetic diversity and interactions (Zhang et al., 2022).




5.5.1.2 Industrialization and horticulture

Orchids are of utmost value in the international floriculture plant market and hold economic significance. Cultivation is enhanced by creating new varieties with enhanced characteristics, e.g., enhanced shelf life, more beautiful flowers, or stress tolerance, by molecular breeding, marker-assisted selection, and technology like CRISPR-based genome editing (Zhang et al., 2022; Li et al., 2021).




5.5.1.3 Pharmacology and traditional medicine

Investigations of medicinal orchids such as Dendrobium have identified genes that cause the production of healing chemicals. This has added to the scientific evidence of traditional utilization as well as breeding strategies for higher yields (Zhang et al., 2022). The health supplement and drug consumption industries are impacted by this.




5.5.1.4 Vanilla production

Global vanilla flavor and scent commerce depends on breeding for greater quality and yields, fueled by state-of-the-art molecular knowledge of the Vanilla planifolia genome (Zhang et al., 2022).




5.5.1.5 Basic science

Due to their uniqueness and diversity, orchids have been used in the past as model systems to investigate reproductive biology, plant–pollinator interactions, and evolution. These problems are currently being tackled at a mechanistic, gene-function level due to the advances in molecular biology, which bridge evolutionary biology with applied breeding (Li et al., 2022; Hsiao et al., 2011; Tsai et al., 2008). Molecular biology application to orchids has transformed the scientific foundation and practical uses of the plant, with enhanced evolutionary understanding, conservation for specific populations, commercial utilization, and confirmation and improvement of medicinal properties. Genomics, biotechnology, and traditional research have converged to result in unparalleled breakthroughs (Zhang et al., 2022; Li et al., 2022; Hsiao et al., 2011). Most of the significant constraints remain to date, such as the requirement to balance biotechnological progress and preserve wild genetics as well as surmounting the technical barrier of genome editing in most orchid species (Zhang et al., 2022).







6 Conclusion

Climate change, illegal harvesting, and habitat destruction have combined to put orchid conservation at a crucial stage. While biotechnology offers promising solutions through advanced techniques such as tissue culture, cryopreservation, and genetic conservation, the role of international trade cannot be overlooked. As orchids continue to play a significant role in the global economy, particularly in the floriculture market, a more sustainable approach is needed to balance commercial interests with conservation efforts. Regulatory frameworks like CITES have been instrumental in curbing illegal trade, yet challenges remain in ensuring compliance and protecting wild populations. Ultimately, the integration of biotechnological innovations with global trade regulations can ensure the long-term survival of orchid species while fostering economic growth. Collaborative efforts between researchers, policymakers, and commercial entities are essential to achieve this balance, safeguarding one of the most ecologically and economically important plant families.
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