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ABSTRACT
Ornamental plant breeding represents one of the most dynamic and economically significant sectors within horticulture. Globally, the ornamental plant industry generates revenues exceeding USD 100 billion annually, with continuous demand for novel cultivars exhibiting superior aesthetic traits, extended vase life, disease resistance, and environmental adaptability. This comprehensive review synthesizes contemporary knowledge on ornamental plant breeding methodologies, genetic resources, and the commercialization of new varieties across major ornamental crops including roses (Rosa spp.), chrysanthemums (Chrysanthemum morifolium), tulips (Tulipa spp.), orchids (Orchidaceae), and other floriculture species.

The review addresses classical breeding approaches—hybridization, selection, and mutation breeding—alongside modern biotechnological tools including molecular marker-assisted selection (MAS), genomic selection, somatic hybridization, and CRISPR/Cas9-mediated genome editing. Special attention is given to the genetic basis of ornamental traits such as flower color, fragrance, plant architecture, and stress tolerance. The role of polyploidy, interspecific hybridization, and epigenetic regulation in generating phenotypic novelty is critically discussed. Furthermore, this paper examines intellectual property frameworks including plant patents and plant breeders' rights (PBR) that govern the commercialization of new ornamental varieties. Emerging trends such as climate-smart breeding, consumer-driven trait preferences, and digital phenotyping are highlighted as key drivers shaping the future of ornamental plant improvement.
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1. INTRODUCTION
Ornamental horticulture encompasses the cultivation, breeding, and marketing of plants grown primarily for their aesthetic attributes—flowers, foliage, fragrance, and form—rather than for food or industrial use. This sector spans an enormous diversity of plant species including annuals, perennials, bulbous plants, woody ornamentals, turfgrasses, and tropical foliage plants used across cut flower markets, potted plant production, and landscape applications. The global ornamental plant trade is a multi-billion-dollar industry that continues to expand with rising urbanization, green infrastructure initiatives, and growing consumer interest in home gardening and interior plantscaping (Chandler and Brugliera, 2011).

Plant breeding has been central to the development of the modern ornamental industry. Over centuries, both intentional and accidental selection have yielded countless cultivars with traits that would be impossible or rare in wild populations—pure white roses, large-flowered dahlias, striped tulips, blue delphiniums, and miniature orchids cultivated on windowsills. The history of ornamental breeding is intertwined with the history of exploration, trade, and cultural exchange, as plants moved between continents and were subjected to selection pressures reflecting local aesthetic preferences and commercial needs.	Comment by Op Breeder: Source?

The twentieth century witnessed a transformation in ornamental breeding through the systematic application of Mendelian genetics, cytogenetics, and later molecular biology. Hybridization programs became more sophisticated, and the discovery of colchicine-induced polyploidy opened new possibilities for developing triploid and tetraploid cultivars with enhanced ornamental traits. The late twentieth and early twenty-first centuries have been marked by the integration of molecular tools—DNA markers, genomic sequencing, and genetic transformation—into breeding pipelines, dramatically accelerating the pace of cultivar development and enabling the precise manipulation of target traits (Griesbach, 2005).

Despite these advances, ornamental plant breeding faces unique challenges compared to crop breeding. Consumer preferences are subjective and subject to fashion trends, requiring breeders to anticipate market demands years in advance given the long development timelines for new varieties. The regulatory and intellectual property landscape for ornamental varieties is complex, with overlapping systems of plant patents, utility patents, and plant variety protection. Environmental concerns are also reshaping breeding objectives, with increasing emphasis on drought tolerance, reduced pesticide requirements, and invasive species risk assessment for landscape plants.

This review aims to provide a comprehensive and critical synthesis of current knowledge and emerging trends in ornamental plant breeding and variety development. By integrating classical and molecular approaches, examining commercial realities, and projecting future directions, this paper serves as a reference for researchers, breeders, students, and industry professionals engaged in ornamental horticulture.

2. SCOPE AND ECONOMIC IMPORTANCE OF ORNAMENTAL HORTICULTURE
2.1 Global Market Overview
The global ornamental plant and floriculture market was valued at approximately USD 104.7 billion in 2022 and is projected to grow at a compound annual growth rate (CAGR) of 6.5% through 2030. The Netherlands remains the world's largest exporter of cut flowers and ornamental plants, with the Aalsmeer flower auction (FloraHolland) serving as the principal price-setting mechanism for global trade. Other major producing nations include Colombia, Ecuador, Kenya, Ethiopia, and China, while Japan, Germany, the United Kingdom, and the United States represent the largest import markets (FAO, 2022).	Comment by Op Breeder: Global market figures from 2022 could be updated or footnoted with newer reports (e.g., flower/ornamental plants market at ~$42 billion in 2024 per Cognitive Market Research, or up to $106 billion wholesale value per ResearchAndMarkets; ranges $40 - 105 billion depending on scope).

The industry is broadly divided into: (1) cut flowers—roses, chrysanthemums, carnations, tulips, and lilies collectively represent over 60% of global cut flower trade; (2) potted plants and bedding plants—including impatiens, petunias, geraniums, poinsettias, and orchids; (3) woody ornamentals and nursery stock—trees, shrubs, and conifers used in landscape plantings; and (4) turfgrass—a sector that alone accounts for significant acreage across residential, commercial, and sports applications.

	Crop
	Global Production Value (USD B)
	Primary Breeding Objective
	Key Producing Regions

	Rose (Rosa spp.)
	~30.0
	Color, vase life, fragrance
	Netherlands, Colombia, Kenya

	Chrysanthemum
	~12.5
	Color range, day-length response
	China, Netherlands, Japan

	Tulip (Tulipa spp.)
	~8.2
	Color pattern, forcing ability
	Netherlands, Turkey

	Orchid (Orchidaceae)
	~7.9
	Flower size, color, longevity
	Taiwan, Netherlands, USA

	Lily (Lilium spp.)
	~5.8
	Color, fragrance, pollen-free
	Netherlands, China, Japan

	Carnation (Dianthus)
	~4.6
	Color, vase life, disease resist.
	Colombia, Ecuador, Spain

	Gerbera
	~3.1
	Color, stem strength, uniformity
	Netherlands, Germany, India

	Poinsettia (Euphorbia)
	~2.9
	Bract color, compactness
	USA, Germany, Netherlands



Table 1. Major ornamental crops, global production values, primary breeding objectives, and key producing regions.	Comment by Op Breeder: This should be above not at the foot note. Table title should be above.

2.2 Role of Breeding in Industry Competitiveness
New variety development is the primary mechanism by which breeders and commercial companies maintain competitive advantage in the ornamental sector. A successful new rose cultivar, for example, can generate royalty revenues of millions of dollars over its commercial lifespan. Companies such as Rosen Tantau, David Austin Roses, Kordes, Pan American Seed, Sakata, and Syngenta Flowers invest heavily in breeding programs that may take 7–15 years from initial crosses to commercial release. The intellectual property protection afforded by plant patents (in the USA) and Community Plant Variety Rights (in the EU) provides the financial incentive necessary to sustain these long-term investments (van Harten, 1998).	Comment by Op Breeder: Too old

3. GENETIC RESOURCES AND GERMPLASM FOR ORNAMENTAL BREEDING
3.1 Wild Species and Primary Gene Pools
Wild relatives represent an invaluable repository of genetic variation for ornamental improvement. The genus Rosa, for example, comprises over 150 wild species distributed across the Northern Hemisphere, with species such as Rosa canina, R. rugosa, R. wichurana, and R. multiflora having contributed disease resistance, cold hardiness, climbing habit, and repeat-flowering traits to modern garden roses. Similarly, wild Chrysanthemum species from East Asia harbor alleles for earliness, cold tolerance, and novel flower colors not present in commercial cultivars (Debener and Linde, 2009).

The challenge of exploiting wild germplasm lies in overcoming reproductive barriers—differences in ploidy level, geographic isolation, and phenological asynchrony—that prevent direct hybridization with elite cultivars. Pre-breeding programs that first develop bridge crosses or synthetic populations with introgressions from wild species are often necessary precursors to incorporating exotic alleles into commercial breeding lines.	Comment by Op Breeder: Source

3.2 Genebank Collections and ex situ Conservation
Numerous national and international genebanks maintain living collections of ornamental species. The UK's Royal Horticultural Society (RHS) maintains one of the world's largest rose collections at Rosemoor and Hyde Hall. The Netherlands Genebank (CGN) and the USDA-ARS germplasm repositories hold extensive collections of tulips, lilies, chrysanthemums, and bedding plant species. The Botanic Gardens Conservation International (BGCI) network coordinates ex situ conservation efforts for threatened ornamental species. These collections provide breeders with access to rare alleles and represent irreplaceable resources for future breeding in the face of climate change and wild habitat loss.	Comment by Op Breeder: Cite source

3.3 Induced Genetic Variation
When natural variation is insufficient for breeding objectives, breeders can induce genetic variation through physical mutagens (gamma rays, X-rays, UV radiation) or chemical mutagens (ethyl methanesulfonate, EMS; colchicine; sodium azide). Mutation breeding has been particularly productive in ornamental crops where solid somatic mutations (sports) can be propagated clonally. Chrysanthemums have been especially receptive to mutation breeding, with gamma irradiation of cuttings producing thousands of commercially valuable flower color and form variants. The IAEA Mutant Variety Database lists over 3,000 officially released mutant varieties in ornamental crops, making this one of the most mutagenesis-intensive sectors in plant breeding.	Comment by Op Breeder: Source

4. CLASSICAL BREEDING METHODS IN ORNAMENTAL PLANTS
4.1 Hybridization and Selection
Controlled hybridization remains the cornerstone of ornamental plant improvement. In cross-breeding programs, parental lines are carefully selected for complementary traits, and crosses are made by hand emasculation and controlled pollination to prevent contamination with foreign pollen. F1 hybrid seeds are often the commercial product in annual bedding plants (impatiens, petunias, marigolds), as heterosis confers superior uniformity, vigor, and flowering performance that individual inbred parents cannot achieve. Seed companies invest substantially in developing homozygous inbred lines through repeated self-pollination and in identifying combinations that produce superior F1 performance (Hartmann et al., 2018).

In vegetatively propagated ornamentals such as roses, dahlias, and chrysanthemums, the breeding cycle is different. Seedling populations from controlled crosses are grown in large numbers, and individual genotypes with exceptional phenotypes are selected, propagated clonally, and subjected to multi-year evaluation trials assessing performance stability, disease resistance, postharvest quality, and production efficiency before commercial introduction.	Comment by Op Breeder: Source

4.2 Polyploidy Breeding
Polyploidy—the possession of more than two complete chromosome sets—is prevalent in ornamental plants and is often associated with enhanced ornamental traits including larger flowers, increased petal number, deeper colors, and greater vegetative vigor. Many important ornamental crops are naturally polyploid: garden roses are typically pentaploid or hexaploid, chrysanthemums are hexaploid, daylilies (Hemerocallis) range from diploid to hexaploid, and most commercial tulips are diploid but derived from ancestral polyploids.	Comment by Op Breeder: No reference, what is the source?

Breeders routinely induce polyploidy artificially using colchicine or oryzalin, antimitotic agents that inhibit spindle formation during cell division, resulting in cells with doubled chromosome numbers. Tetraploidization of diploid species can enhance ornamental traits and may also restore fertility in interspecific hybrids that are sterile as diploids. Triploid cultivars, produced by crossing tetraploids with diploids, are commercially valuable in several ornamental contexts because sterility prevents seed set—desirable in bedding plants for extended flowering and in landscape plants to prevent invasive spread.

4.3 Interspecific and Intergeneric Hybridization
The production of hybrids between different species (interspecific hybridization) or different genera (intergeneric hybridization) is a powerful technique for combining unique traits from divergent gene pools. Several important ornamental cultivar groups owe their existence to interspecific hybridization: Asiatic, Oriental, and OT (Orienpet) hybrid lilies combine traits from multiple Lilium species; Heligan and Knock Out rose series incorporate disease resistance alleles from species such as R. wichurana; and Caladium hortulanum hybrids derive from complex crosses among several Caladium species native to South America.	Comment by Op Breeder: Cite your source

Barriers to interspecific hybridization include pre-fertilization incompatibility (pollen tube failure), post-fertilization barriers (embryo abortion), and hybrid sterility due to chromosome pairing failure. Embryo rescue—the aseptic culture of immature embryos on nutrient media before they abort—is routinely used in lily, iris, and rose breeding to recover viable hybrid plants from otherwise incompatible crosses. Ploidy manipulation via colchicine treatment can subsequently restore fertility in sterile interspecific hybrids by enabling pairing of homologous chromosomes after chromosome doubling.

5. MOLECULAR BREEDING TOOLS AND GENOMIC APPROACHES
5.1 Molecular Markers and Marker-Assisted Selection
The availability of molecular markers linked to genes controlling ornamental traits has transformed breeding efficiency in several major crops. Microsatellites (SSR), single nucleotide polymorphisms (SNPs), and diversity array technology (DArT) markers have been developed for roses, chrysanthemums, tulips, orchids, carnations, and numerous other ornamentals. These markers enable breeders to (1) fingerprint and authenticate cultivars to prevent misidentification and intellectual property infringement; (2) assess genetic diversity in breeding populations; (3) construct linkage maps of economically important traits; and (4) conduct marker-assisted selection (MAS) to identify superior genotypes early in the breeding cycle without waiting for mature plant phenotyping.	Comment by Op Breeder: Source

Notable examples of MAS applications in ornamentals include marker-assisted introgression of blackspot resistance (Rdr genes) into elite rose cultivars, selection for yellow flower color in roses linked to carotenoid biosynthesis genes, and identification of chrysanthemum genotypes with superior postharvest longevity based on markers associated with ethylene signaling pathway genes. While the complete genomic resources needed for comprehensive MAS are still lacking for many ornamental species, rapid advances in sequencing technology are filling this gap.

5.2 Genome Sequencing and Comparative Genomics
The sequencing of complete genomes of key ornamental species marks a turning point in molecular breeding capacity. The rose genome (Rosa chinensis, 2x = 14) was sequenced and published in 2018 by an international consortium (Hibrand Saint-Oyant et al., 2018), providing a reference for gene discovery, marker development, and comparative genomics across the Rosaceae family. The chrysanthemum genome—complicated by its hexaploid nature—was published in draft form in 2021 and is being refined using long-read sequencing technologies. Genome sequences are also available for Petunia hybrida, Antirrhinum majus (snapdragon), and several Orchidaceae species, providing model systems for understanding the genetic control of flower development and color.

Comparative genomics approaches exploiting synteny between sequenced genomes and target ornamental species accelerate candidate gene identification. Functional annotation of ornamental genomes is enabling transcriptome-based studies (RNA-seq) to characterize gene expression during flower development, senescence, fragrance biosynthesis, and stress responses, providing the foundation for next-generation molecular breeding strategies.	Comment by Op Breeder: Cite source

5.3 Genomic Selection
Genomic selection (GS), which uses genome-wide marker data to predict breeding values for polygenic traits without requiring knowledge of specific marker-trait associations, is beginning to be applied in ornamental breeding. This approach is particularly relevant for complex traits such as fragrance intensity, branching architecture, and postharvest vase life that are controlled by many genes of small effect. Training populations of genotyped and phenotyped individuals are used to build prediction models that can then estimate breeding values of unplanted seedlings based on genomic data alone, potentially reducing breeding cycle length by eliminating the need for expensive phenotyping of all candidate genotypes (Xu et al., 2020).

5.4 CRISPR/Cas9 and Genome Editing
The CRISPR/Cas9 system has rapidly emerged as the most powerful and precise tool for targeted genetic modification in ornamental plants. Unlike transgenic approaches that introduce foreign DNA, CRISPR-mediated editing can achieve targeted mutagenesis, gene regulation, and base editing using mechanisms that, in some regulatory frameworks, may not trigger the same oversight as traditional GMO regulations. Applications in ornamental plants include: modification of flower color through editing of flavonoid or carotenoid pathway genes; reduction or elimination of pollen production for allergen-free landscape plants; modification of lignin biosynthesis for improved stem strength in cut flowers; and disruption of floral organ identity genes to create novel flower morphologies (Tanaka et al., 2020).

The development of blue and true-blue roses represents perhaps the most celebrated goal in ornamental breeding. Roses lack the flavonoid 3',5'-hydroxylase (F3'5'H) enzyme required for delphinidin biosynthesis (the pigment responsible for blue-violet coloration), and classical breeding has been unable to overcome this biochemical block. Transgenic roses expressing F3'5'H from Viola or Petunia produce violaceous hues that, combined with suppression of competing pathway branches, approach true blue coloration (Katsumoto et al., 2007). CRISPR-based approaches are now being explored to remodel the entire anthocyanin pathway to achieve more naturalistic blue pigmentation.

	Breeding Tool
	Primary Application
	Advantages
	Limitations

	Hybridization
	Combining complementary traits
	Broad trait integration; natural
	Slow; linkage drag

	Mutation Breeding
	Generating novel variants
	Cost-effective; regulatory simplicity
	Random; requires screening

	Polyploidy Induction
	Larger flowers; sterility
	Enhanced vigor; novel phenotypes
	Fertility issues; complex genetics

	MAS / SSR / SNP
	Early selection; fingerprinting
	Speed; eliminates late phenotyping
	Marker density; training data needed

	Genomic Selection
	Polygenic trait prediction
	Handles complex traits
	Requires large training populations

	CRISPR/Cas9
	Precise trait modification
	Speed; precision; non-GMO potential
	Regulatory uncertainty; delivery

	Transgenesis
	Novel trait introduction
	Access to any gene source
	Regulatory barriers; consumer acceptance



Table 2. Comparison of major breeding tools used in ornamental plant improvement.	Comment by Op Breeder: Table title should be above as title, not as a footnote

6. GENETICS OF KEY ORNAMENTAL TRAITS
6.1 Flower Color
Flower color is the single most important aesthetic trait in ornamental plants and has received the most intensive genetic and biochemical investigation. The biochemical pathways responsible for flower pigmentation—the flavonoid/anthocyanin pathway, the carotenoid pathway, and the betalain pathway (in Caryophyllales)—are largely conserved across angiosperms, but variation in enzyme activities, regulatory gene expression, vacuolar pH, and co-pigmentation interactions creates the enormous diversity of colors observed in ornamental cultivars.	Comment by Op Breeder: Cite your source

The flavonoid pathway generates anthocyanins responsible for red, pink, purple, and blue pigmentation. Key biosynthetic genes including CHS (chalcone synthase), CHI (chalcone isomerase), F3H, F3'H, F3'5'H, DFR, ANS, and UFGT have been cloned from numerous ornamental species. Regulatory genes of the MYB, bHLH, and WD40 families (the MBW complex) activate structural gene expression and are primary targets for color modification. Carotenoid pigments (carotenes and xanthophylls) produce yellow, orange, and cream colors in petals, with key pathway genes including PSY, PDS, ZDS, CRTISO, LCY-B, and LCY-E. In roses and other Rosaceae lacking the capacity for delphinidin synthesis, the entire blue-violet-purple range of colors is absent from natural variation, representing the foremost target for transgenic and genome-editing approaches.

6.2 Flower Fragrance
Floral fragrance is controlled by the biosynthesis and emission of a complex mixture of volatile compounds including monoterpenes, sesquiterpenes, benzenoids, phenylpropanoids, fatty acid derivatives, and nitrogen- and sulfur-containing compounds. Each species has a characteristic volatile blend that serves ecological functions (pollinator attraction) and provides the aesthetic quality valued in cut flowers and garden plants. The biosynthesis of key fragrance compounds—linalool, geraniol, rose oxide, benzyl alcohol, 2-phenylethanol, and methyl benzoate—involves pathways branching from the MVA and MEP terpenoid pathways and the phenylalanine-derived phenylpropanoid pathway.	Comment by Op Breeder: Cite your source

Modern cut rose cultivars have largely lost the intense fragrance characteristic of old garden roses as a consequence of selection priorities favoring long vase life, disease resistance, and high yield—traits negatively correlated with fragrance in some breeding populations. Genetic mapping of fragrance QTL in rose has identified candidate genes including RhNUDX1 (geraniol metabolism), RhAAT1 (acetyl transferase for rose oxide synthesis), and RhPAAS (2-phenylethanol synthesis). The reintroduction of fragrance into modern elite cut flower varieties without sacrificing commercial performance traits is a major breeding goal currently being pursued with molecular tools.


6.3 Plant Architecture and Form
Plant architecture—including plant height, branching pattern, internode length, leaf arrangement, and flower display—is a key determinant of both ornamental appeal and production efficiency. In cut flower crops, the ideal architecture combines long, straight, strong stems with appropriately spaced lateral shoots that carry well-formed flowers. In pot plants, compact, bushy habit with abundant flowering and resistance to lodging (stem collapse) is preferred. Landscape plants require diverse architectural forms suited to different design functions.	Comment by Op Breeder: Cite your source

The genetic control of plant architecture involves phytohormone signaling pathways—particularly auxin, cytokinin, gibberellin, strigolactone, and brassinosteroid—that interact to regulate meristem activity, branching, and elongation. MADS-box transcription factors control floral organ identity and flower form, with mutations in these genes producing double-flowered (hose-in-hose, multipetally) phenotypes highly valued in ornamentals. The discovery that overexpression of TCP transcription factors produces compact, bushy phenotypes in petunia and Chrysanthemum has provided genetic tools for engineering ornamental architecture.

6.4 Postharvest Quality and Vase Life
For cut flower crops, postharvest quality—particularly vase life—is a critical breeding objective with direct implications for supply chain efficiency and consumer satisfaction. Vase life is primarily determined by the rate of petal senescence, which in ethylene-sensitive flowers (carnation, petunia, lisianthus) is triggered by autocatalytic ethylene synthesis and signaling. Ethylene-insensitive flowers (roses, chrysanthemums, gerbera) senesce through oxidative pathways independent of ethylene. Breeding for extended vase life has targeted ethylene pathway genes in sensitive species and antioxidant capacity in insensitive species.	Comment by Op Breeder: This is a review, there has to be citation for these, clearly state your source

Mutation or silencing of ethylene biosynthesis genes (ACS, ACO) or receptor genes (ETR1, ERS) dramatically extends vase life in carnations and petunias. The availability of transgenic carnations and petunias with modified ethylene responses has validated these gene targets and informed selection of naturally occurring allelic variation in conventional breeding programs. Stem water transport, bacterial contamination of vase water, and physical damage during handling also contribute to vase life variation and are addressed through cultural practices and postharvest chemical treatments.

7. SPECIAL TOPICS IN ORNAMENTAL PLANT BREEDING
7.1 Disease Resistance Breeding
Ornamental plants are subject to a wide range of pathogens including fungal diseases (blackspot, powdery mildew, Botrytis, Fusarium), bacterial diseases (crown gall, bacterial leaf spot), viral diseases (tobacco mosaic virus, potyvirus group), and nematodes. Disease management in ornamental production systems relies heavily on fungicide applications, representing both economic cost and environmental concern. Breeding for genetic resistance offers a sustainable alternative.

Rose blackspot (Diplocarpon rosae) is the most economically important fungal pathogen of garden roses. Multiple Rdr (resistance to Diplocarpon rosae) genes have been mapped in rose, with Rdr1 from Rosa majalis and Rdr4 and Rdr7 from tetraploid rose offering the strongest and most durable resistance. Molecular markers flanking these resistance loci enable MAS-based introgression into elite cultivars while minimizing linkage drag. The Knock Out rose series from Conard-Pyle, which incorporates multiple disease resistance genes, has achieved enormous commercial success in the landscape rose market precisely because of its low-maintenance, disease-resistant character.

7.2 Abiotic Stress Tolerance
Climate change is intensifying selection pressure for ornamental plants tolerant of drought, heat, flooding, and salinity—stresses increasingly encountered in both production and landscape contexts. Traditional water-intensive ornamental production practices are coming under regulatory and economic pressure in water-scarce regions. Breeding for drought tolerance in ornamentals involves selection for deeper rooting, stomatal efficiency, osmotic adjustment capacity, and constitutive expression of stress-responsive genes.

Landscape plants with proven heat and drought tolerance—including Agapanthus, Gaura, Echinacea, ornamental grasses, and Salvia—have gained market share at the expense of traditional water-hungry species in regions affected by drought restrictions. Breeding programs for landscape-use plants increasingly emphasize performance under low-input conditions, and trait-based screening for canopy temperature, leaf water potential, and osmotic adjustment is being integrated into selection protocols.

7.3 Epigenetics and Somaclonal Variation
Epigenetic variation—heritable changes in gene expression not involving alterations in DNA sequence—plays an important role in ornamental plant phenotypic diversity. DNA methylation, histone modification, and small RNA pathways regulate chromatin accessibility and gene expression in response to developmental and environmental signals. Somaclonal variation arising during in vitro tissue culture, a common propagation method for orchids, chrysanthemums, and other ornamentals, often has an epigenetic basis and can produce both deleterious off-types and occasionally valuable novel variants.

Vernalization—the requirement of extended cold exposure to achieve floral competence—in many bulbous ornamentals (tulips, hyacinths, daffodils) is mediated by epigenetic silencing of FLC (FLOWERING LOCUS C) homologs, with implications for forcing programs and adaptation to warming climates. The emerging field of epigenomics offers tools for mapping the epigenetic landscapes of ornamental species and potentially exploiting epigenetic variation as a breeding resource.

8. VARIETY REGISTRATION, INTELLECTUAL PROPERTY, AND COMMERCIALIZATION
8.1 Plant Variety Protection Systems
The commercialization of new ornamental varieties is protected by two primary intellectual property systems. In the United States, the Plant Patent Act of 1930 (as amended) provides protection for asexually propagated varieties through plant patents, while the Plant Variety Protection Act of 1970 covers sexually reproduced varieties through plant variety certificates. In the European Union and many other countries, the Community Plant Variety Rights (CPVR) system administered by the Community Plant Variety Office (CPVO) provides 25 years of protection for varieties of most species and 30 years for tree and vine varieties.

For CPVR or PVP protection, varieties must satisfy the criteria of distinctness, uniformity, and stability (DUS): they must be clearly distinguishable from existing varieties, sufficiently uniform in their relevant characteristics, and stable—maintaining their defining characteristics after repeated propagation. Variety descriptions prepared as part of DUS testing specify the precise phenotypic characteristics—using standardized descriptor scales developed by UPOV (International Union for the Protection of New Varieties of Plants)—that define and differentiate each protected variety.

8.2 Royalty Systems and Licensing
Commercial ornamental variety licensing typically operates through royalty systems in which propagators (nurseries producing cuttings) pay per-unit royalties to the variety holder for each propagule produced. Royalty collection organizations such as Agrobio (Netherlands), LIPOS (Germany), and FloraHolland's variety royalty desk facilitate royalty collection and distribution to breeders. The effectiveness of these systems depends on the ability to detect unauthorized propagation through variety identity testing using molecular fingerprinting—a major application area for SSR and SNP marker panels in commercial ornamental breeding laboratories.

9. FUTURE PERSPECTIVES AND EMERGING TRENDS
9.1 Climate-Smart Ornamental Breeding
Climate change represents both a threat and an opportunity for ornamental breeding. Rising temperatures, shifting precipitation patterns, and increased frequency of extreme weather events will fundamentally alter the performance of existing cultivars and the design requirements of landscapes. Climate-smart breeding programs are proactively developing heat-tolerant poinsettias for warmer production regions, drought-adapted landscape perennials for Mediterranean climates, and flood-tolerant turfgrass varieties for regions experiencing increased rainfall variability. Expanding the crop portfolio of ornamental horticulture to include species adapted to future climates—particularly indigenous plants with demonstrated climate resilience—is an emerging strategy.

9.2 Digital Phenotyping and Precision Breeding
The bottleneck in ornamental breeding is no longer genotyping but phenotyping—accurately characterizing the enormous diversity of seedling populations for complex traits such as flower color, fragrance intensity, plant architecture, and stress responses. High-throughput phenotyping platforms using RGB imaging, multispectral and hyperspectral cameras, LiDAR scanning, and machine learning-based image analysis are transforming the speed and accuracy with which breeders can characterize large populations. Color-calibrated digital imaging systems coupled to colorimetric models (CIE L*a*b*, sRGB) enable objective, standardized flower color measurement replacing subjective visual assessment. Volatile capture systems combined with gas chromatography-mass spectrometry (GC-MS) and e-nose technology enable high-throughput fragrance profiling.

9.3 Consumer-Driven Breeding and Trend Forecasting
The ornamental plant industry is uniquely consumer-driven, with variety adoption rates heavily influenced by design trends, social media aesthetics, and cultural preferences. The rise of social platforms such as Instagram, Pinterest, and TikTok has created new mechanisms for trend diffusion and, importantly, for identifying consumer preferences in near real-time. Sophisticated breeders and seed companies are mining social media data to identify emerging color preferences, plant form trends, and lifestyle garden concepts that can inform breeding objectives 5–10 years in advance—roughly the time required to develop and commercialize a new variety from initial crosses.

9.4 Sustainable and Ecological Horticulture
Growing consumer and regulatory concern about the ecological footprint of ornamental production and landscaping is reshaping breeding objectives. Pollinator-friendly varieties with accessible pollen and nectar—in contrast to highly doubled cultivars where access is blocked—are increasingly demanded by ecologically conscious gardeners and supported by certification schemes. Breeding of non-invasive or sterile landscape plants is becoming mandatory in some jurisdictions where introduced ornamentals have become invasive (e.g., Buddleja davidii, Fallopia japonica, Wisteria sinensis). Integrated pest management compatibility, reduced pesticide dependence, and organic production suitability are growing selection criteria.

10. CONCLUSION
Ornamental plant breeding stands at a transformative juncture, where centuries of horticultural tradition intersect with cutting-edge genomics, digital technologies, and evolving consumer values. The breadth of the ornamental sector—encompassing thousands of species across diverse end-use contexts from mass-market annual bedding plants to collectible rare orchids—ensures that breeding approaches must be as diverse as the crops themselves. Classical hybridization, selection, and mutation breeding remain essential tools, particularly for crops where genomic resources are limited and regulatory frameworks restrict biotechnological interventions.

Molecular breeding technologies—MAS, genomic selection, and CRISPR/Cas9 genome editing—are progressively integrating into commercial ornamental breeding pipelines, accelerating the pace of variety development and enabling the precise engineering of traits that classical breeding cannot achieve. The completion of reference genome sequences for major ornamental crops is accelerating this transition and revealing the genetic architecture of complex ornamental traits. The achievement of stable, commercially competitive blue roses through precision genetic engineering would represent perhaps the ultimate demonstration of molecular breeding capability in ornamentals.

Intellectual property frameworks continue to evolve in response to new breeding technologies, with ongoing debate about the patentability of CRISPR-derived varieties and the appropriate scope of breeders' exemptions. Climate change is reshaping breeding priorities towards resilience traits and alternative species portfolios. Digital phenotyping is democratizing access to high-resolution trait data. Consumer preferences mediated through social media are creating new channels for market intelligence. Together, these forces are driving a new era of ornamental plant breeding that is simultaneously more scientifically sophisticated, commercially complex, and ecologically aware than at any previous time in the industry's history.

Future reviews in this area should address the integration of pangenomics approaches in ornamental species with complex polyploid genomes, the application of synthetic biology principles to create entirely novel ornamental traits, and the development of ethical and regulatory frameworks adequate to govern the deployment of advanced genome editing technologies in commercial horticulture.
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