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Highlights 16 

Ornamental plants are unique as their domestication is not associated with the need for 17 

food security but rather for human aesthetic, visual and other sensory attractiveness. 18 

 19 

The new extended evolutionary theory – proposing that inheritance and evolution is not 20 

by genes alone but is affected by the environment and human socio-cultural processes, 21 

and by gene-culture coevolution – makes it possible to elucidate plants’ evolution and 22 

domestication. 23 

 24 
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Ornamental plant domestication and breeding is a specific aesthetics-driven dimension 25 

of human niche construction, that coevolved with socio-economic changes and new 26 

scientific technologies. 27 

 28 

The new era of ornamental plants is dependent on the application of new technologies 29 

and symbolic-to-material asset shifts, with a foundation in a human sense of beauty and 30 

aesthetic values. 31 

 32 

  33 

Abstract   34 

Unlike plants that were domesticated to secure food, domestication and breeding of 35 

ornamental plants are driven by aesthetic values. Here we examine the major elements 36 

of the extended evolutionary synthesis theory that bridges the gap between the biology 37 

of ornamental plant domestication and the socio-cultural motivations behind it. We 38 

propose that it involves specific elements of cumulative cultural evolution, plant gene-39 

human culture coevolution and niche construction. Moreover, ornamental plant 40 

domestication represents an aesthetics-driven dimension of human niche construction 41 

that coevolved with socio-economic changes and the adoption of new scientific 42 

technologies. Initially functioning as symbolic and aesthetic assets, ornamental plants 43 

became globally-marketed material commodities as a result of co-dependence of 44 

human cumulative cultural evolution and prestige-competition motivations. 45 

Plant domestication and the Extended Evolutionary Synthesis 46 

The evolutionary history of flowering plants extends across ca. 125 million years. During 47 

this time, an intricate and variable assortment of more than 400, 000 different plant 48 

species has developed. It is estimated that a total of 2500 plant species have undergone 49 

domestication worldwide [1], and only a small fraction of these (200-250 species) have 50 
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been domesticated as sources of food [2, 3]. A few plant species were domesticated for 51 

construction timber and fire wood, for the paper industry and for fibers and weaving; 52 

however, in fact there are more ornamental plant species cultivated today than all other 53 

agricultural and horticultural crops for food combined [4]. Ornamental plants were 54 

domesticated for their ornamental and “showy” characteristics, for gardening, indoor 55 

decoration and as cut flowers, including an increasing number of species that have been 56 

domesticated only recently. The history, processes, key events and proposed theories of 57 

domestication have been described and discussed at length for food plants [5 - 7]; 58 

however, little attention has been given to ornamental plants and the interaction with 59 

human socio-cultural elements and sense of aesthetics.  60 

The Extended Evolutionary Synthesis 61 

Research on early evolution and domestication events has seen major advances over 62 

the last 50 years, and it fits well with the new extended evolutionary synthesis (EES, see 63 

Glossary) [8 - 10]. Whereas the early 20th-century “modern synthesis” concept of 64 

evolution merged Darwin's theory of evolution and Mendelian heredity as the sole 65 

factors [11], EES basically proposes that “there is more to inheritance than genes” [9], 66 

i.e., organism evolution in general (including plant evolution and domestication) cannot 67 

be explained by genetic concepts only. Rather, organisms’ evolution is directed also by 68 

physical development, by the environment that shapes organisms’ traits, by human 69 

socio-cultural processes, and by extra-genetic inheritance [8, 10]. Although still 70 

contested  by a few scholars [12], see also a review of the debates [13], EES allows for a 71 

better overall understanding of evolution by combining three important intertwined and 72 

well-described processes - cumulative cultural evolution, CCE, niche construction, NC, 73 

and gene-culture coevolution, GCC - that bridge the gap between genetic evolution, the 74 

environment and human culture. We review these evolutionary concepts and explore 75 

how the new interdisciplinary approaches can contribute to the study of plant evolution 76 

and domestication. CCE refers to cultural transmission of knowledge and social learning 77 

from one person and from one generation to another, both intentional and 78 

unintentional, that result in evolutionary change in knowledge [14, 15]; GCC indicates 79 
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and explains how human cultural factors modify and shape their own or other 80 

organisms' gene expression and genetic evolution [16, 17]; NC is the process whereby 81 

organisms, through their activities and choices, transform and modify their own and 82 

other organisms' environments and niches; importantly, it also refers to the case where 83 

one population changes some aspect of the environment of another population that has 84 

selective consequences for it [18, 19]. GCC was initially focused on the evolution of 85 

functional genes in human populations [16, 17], and it was extended later to include 86 

also domesticated animals’ and plants’ genes [5, 20] and animals in general [21]. Several 87 

recent studies indeed indicate that the study of plant evolution and domestication, as 88 

well as the origin of agriculture, can benefit from being situated within EES theory [5, 22 89 

– 25]. Here we join these, and others, and highlight how CCE, GCC and human NC yield 90 

new insights into ornamental plant domestication, breeding and global distribution. For 91 

a more comprehensive discussion of EES, CCE, NC and GCC see Key Figure 1 and Box 1.   92 

Food vs. aesthetics considerations of domestication 93 

While the underlying reasons for domestication and breeding of food plants are human 94 

needs for food [7, 26], the reasons for ornamental plants domestication and breeding 95 

combines aesthetic considerations of what is beautiful and attractive (referring to color, 96 

scent, shape, symmetry and more) that are influenced by personal preferences in 97 

judgement and human socio-cultural, ceremonial and symbolic values. Aesthetics 98 

concerns a large range of disciplines, from art and philosophy to social science, cultural 99 

history and physical forms, and thus has different and complementary meanings 100 

depending on the field in which it is defined. Here we use the term ‘aesthetics’ with 101 

respect to ornamental plants, i.e., “The value of ornamental plants relies on their 102 

aesthetic appearance, including pleasing flower and/or leaf color, flower and/or leaf 103 

shape, fragrance, leaf texture and variegation, and overall plant form or architecture” 104 

(27). The signals that drive aesthetics and ‘beauty’ can include neurotransmitters 105 

(neuro-aesthetics, as discussed below), sociological, psychological, practical and 106 

additional categories (28). It is becoming increasingly recognized that values of beauty 107 

and aesthetics, in their various forms, are an aspect of human evolution and that 108 
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aesthetic aspects of landscape, for example, are important for human well-being [28]. 109 

Ideals of beauty and aesthetic values are both a cultural asset and an essential 110 

dimension of human life [29 - 31]. Aesthetic values affected and shaped the 111 

domestication, breeding and cultivation of most ornamental plant species since 112 

millennia, although a few species are cultivated in addition for their use in remedies, 113 

perfumes etc. The role of human aesthetic values with respect to flower cultivation has 114 

been discussed in several publications [32 - 34]. Although Kant defined the garden as a 115 

visual art and considered that smell plays no role in its aesthetic appreciation and that 116 

the appreciation of a garden is the appreciation of its form, it is obvious that that most 117 

human senses (e.g., sight/vision, smell, touch) are part of the overall aesthetic 118 

appreciation of a garden (35). Moreover, recent studies point to coevolution of 119 

biological features and general aesthetic values. For example, as far as activity in the 120 

brain is concerned, there is a faculty of beauty that can be activated by musical and 121 

visual sources, and probably by other sources as well, and a brain-based theory of 122 

beauty has been formulated [36]. It has also been suggested that the human aesthetic 123 

sense is based on general principles of perception, including a preference for symmetry 124 

that have been important during the evolution of biological signals [29, 37]. The 125 

significance of the symmetry visible in many Paleolithic hand axes, an artefact form used 126 

by early hominins in many parts of the world from c.1.76M to after 300,000 years ago, 127 

has been extensively discussed but there is general agreement that it was intentionally 128 

produced, whether for signaling purposes of various kinds or simply for its own sensory 129 

rewards (38).  130 

 131 

   132 

Cultural history and categories of ornamental plants 133 

As far as we are aware, the earliest archaeological evidence of flowers and other 134 

ornamental plants includes discoveries of flowers, seeds and other relics in burial sites, 135 

and for religious ceremonies [39, 40]. Archaeobotanical remains are abundant in ancient 136 
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burial sites as offerings to the dead [41], because flowers had a symbolic meaning [42]. 137 

It has been claimed that flowers were intentionally placed with a Neanderthal burial, 138 

probably dating to 60,000-70,000 years ago in the Shanidar cave in present-day Iraq, on 139 

the basis of pollen grains found in the associated sediment (43). However, this claim has 140 

been disputed and the matter remains open (44). In addition, the golden face of 141 

Tutankhamun was found garlanded with fresh flowers exquisitely preserved for 3,000 142 

years [45]. Recently, a preserved Natufian floral grave lining, dated between 13,700- 143 

and 11,700-years BP, was reported [46], and the authors claim that it provides the 144 

earliest known direct evidence for grave decoration with plants and flowers. These and 145 

other findings, including ancient written evidence, clearly indicate the presence of 146 

flowers and plants in ancient graves and the association they may have with humans. 147 

However, they do not in themselves support domestication, as the flowers may have 148 

been collected from the wild. In his monumental study "The culture of flowers", Goody 149 

[42] distinguished between specific uses of ornamental plants and their aesthetic 150 

values: "the term 'culture' is employed as a signpost to an arena of human performance, 151 

very much part of the social life... I speak of 'utilitarian' and 'aesthetic' horticulture in a 152 

similar way…".  The collection, domestication, cultivation, and breeding of ornamental 153 

plants are evident in Europe especially since the 17th-18th century, concomitantly with 154 

the era of travelling to new countries and collection of new botanical species that 155 

resulted in an increased number of new hybrids [25]. Ornamental plants are cultivated 156 

mostly for their aesthetic values, either as cut flowers and potted plants, or other 157 

horticultural traits [4]. In addition, a few of those plants are used also in the perfume 158 

industry (e.g., rose, lavender, jasmine), in medicine (e.g., rose hips as source of vitamin 159 

C, Catharanthus (rose periwinkle) and Vinca for chemotherapy, in culinary routines and 160 

as thorny rose fences for defense. Trees - selected for their shape, crown architecture 161 

and symbolic values such as cypress and stone pine already since the Greek-Roman 162 

culture – can be likely considered as ornamental plants. 163 

 164 
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In the following we examine the driving forces of ornamental plant domestication and 165 

breeding that brought about the formation of a unique aesthetic-driven socio-cultural 166 

component of the human niche within the framework of EES, CCE and plant gene-167 

human culture coevolution (Key Figure 1 and Box 1, Figure 2).  168 

Case studies 169 

The examined cases include categories of ornamental plants that diverge with respect to 170 

specific underlying reasons of their domestication and breeding, in different world 171 

regions and societies, their evolutionary history, and specific technologies and breeding 172 

approaches. 173 

Roses  174 

Rose represents an outstanding example of a long domestication history combined with 175 

multiple evolutionary targets, including beauty and decoration, that are due to aesthetic 176 

drivers, as well as for their use in defense and cuisine that can be referred in terms of 177 

practical applications. It is assumed that wild roses were first domesticated and later 178 

cultivated in China and Mesopotamia 5,000-4,000 years BP [47] and it is likely that the 179 

first domesticated roses correspond to propagation of species collected from the wild, 180 

which further led to spontaneous interspecific hybrids [48]. Aesthetic and 181 

ornamentation factors were the primary reason for secondary domestication events and 182 

spread of rose species in Western and Central Europe during the 14th-15th century [49].  183 

The domestication and cultivation, and later breeding of rose species is evident 184 

especially since the 17th-18th century [50]. Nowadays, there are about 35 000 cultivated 185 

rose genotypes and phenotypes [47]. Molecular marker-assisted selection and whole 186 

genome sequencing of the rose genome has enabled accurate tracing of the genetic 187 

origin, more efficient breeding by combining the growth vigor of European rose species 188 

and the recurrent blooming of old Chinese species [51], and reconstructing secondary 189 

metabolites that regulate scent and flower color [52]. Additionally, combined genetic 190 

and genomic approaches have resulted in identifying potential genetic regulators of key 191 

traits [53], provided strong molecular evidence for rose origin and domestication 192 
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history, and enabled new gene expression and genome editing [54], including over 193 

expression of several anthocyanins compounds that resulted in a genetically modified 194 

"Blue Rose" [55].  195 

The cultural history of roses represents an outstanding combination of plant gene-196 

technology-human culture co-evolution, which resulted in breeding many new variants, 197 

each with specific marketing characteristics – all driven primarily by aesthetic and other 198 

horticultural values. Today, rose cut flowers account for approximately 30% of the 199 

global flower market [48]. The unique position of roses, from antiquity to present, 200 

represents a tour de force of combining patterns of beauty, showiness, attraction, 201 

fragrance, defense, cuisine, decoration, molecular biology, and – last but not least – 202 

worldwide market demand. Furthermore, the large rose genotype resources allowed for 203 

breeding for resilience under different climatic conditions, and more.  204 

Tulips  205 

Tulip domestication, breeding and commercial cultivation represents a prestige-driven 206 

establishment of a specific socio-economic niche during the Dutch tulipmania era.  The 207 

first records of tulip domestication (and later cultivation) are from Persia, in the 10th 208 

century [56]. The major spread of tulip bulbs to Europe was first to Leiden University in 209 

late 1593 [56, 57]. All early visually-favoured tulip cultivars most probably emerged from 210 

natural hybridization in small gardens in the Near East and later in Europe [56]. The new 211 

era of tulip breeding activities became evident during the "Golden Age" of the 212 

Netherlands, resulting in the tulipmania period 1615 – 1638 [58 – 60]. The main drive 213 

for tulip breeding was the creation of new highly attractive, unique and extravagant 214 

marketable phenotypes. The first large-scale significant creation of new tulip 215 

phenotypes was due, at least in part, to an outbreak of a tulip disease caused by the 216 

Tulip Breaking Virus (TBV) that caused the formation of unique flower colors and 217 

variegations in tulip petals, hence "color breaking", and was first noted in the 218 

Netherlands around the beginning of the 17th century [61, 62].  219 
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This unprecedented breeding and cultivation of new tulip species and cultivars is one of 220 

the best examples of combined social- and economical-driven domestication and 221 

breeding of ornamental plants. It was most likely the financial strength and the unique 222 

position of the rich merchants of the Dutch United East India Company that led to the 223 

rush for exotic tulips, and they soon controlled tulip bulb breeding and marketing, 224 

aiming at upgrading their social status through financing the tulip breeding industry. As 225 

a result, they achieved both great profits and an elite status as collectors of unique 226 

tulips that became a badge of social status [59]. It is a unique example of the way in 227 

which ornamental plants that were first a status symbol soon became marketable 228 

material goods [63, 64]. The tulipmania era eventually resulted in the development of 229 

excellent breeding skills, and tulips soon spread to several other European countries 230 

thus creating a new socially-driven human niche dimension. 231 

Bonsai  232 

Bonsai domestication history is varied in the different woody plant species used for 233 

creating the bonsai practice, however here we refer only to the “taming” and cultivation 234 

(i.e., forming a bonsai plant) that follows earlier domestication. Bonsai is the practice 235 

and art of growing small plants, usually miniaturized trees, in containers, suggestive of a 236 

natural scene [65]. The practice of bonsai is perhaps the ultimate representation of how 237 

specific cultural-aesthetic values and principles, in this case traditional Japanese, were 238 

harnessed to create unique horticultural shapes and forms of living plants [66 – 68]. The 239 

Japanese philosophy that natural beauty becomes true beauty only when modified by 240 

humans was first mentioned at about 970 AD [69] and is a representation of the 241 

importance of combined knowledge of plant biology and physiology with cultural-driven 242 

aesthetic values and principles of forms and shapes. The practical principles of how to 243 

harness and control plant growth, with the purpose of dwarfing and creating specific 244 

bonsai shapes, required either a learned knowledge of all basic aspects of plant 245 

physiology and development, or acquiring it by trial and error, or both. It is difficult to 246 

assume that the 20th century scientific knowledge of plant developmental physiology 247 

was available to early Japanese horticulturists during the 7th- 8th century 248 
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AD.  Accordingly, bonsai was most plausibly practiced first by a few people who 249 

observed the natural life of plants and modified growth by trial and error techniques, 250 

that improved with time as more experience was gained. The acquired knowledge was 251 

then transmitted from one generation to the next, thus following the basic processes of 252 

cumulative cultural evolution and plant gene-human culture coevolution.  253 

Bonsai was first practiced in Japan for personal enjoyment and satisfaction of individuals 254 

or their households, mostly by members of the elite, and gradually became known to a 255 

broader population. Its cultivation was publicly widespread by the end of the 18th 256 

century, and started to spread in the Western world following World War II and the 257 

American occupation, with an increase in the number and scope of bonsai exhibitions 258 

[65, 69, 70]. As soon as it became more popular, widespread economic interests and 259 

trading became a major aspect of bonsai aims and practices, and bonsai evolved from a 260 

very personal-traditional position to a significant commercial global value.  261 

Lawns and newly-domesticated ornamental plant enterprises 262 

Lawns, referring mainly to managed grass species, are unique among gardening plants 263 

as they are in fact wild grasses that were domesticated and bred quite recently to 264 

function as soft-to-hard "green carpets" rather than for their flowers or unique canopy 265 

shape. Their domestication and breeding is motivated both by aesthetic values and, in 266 

addition, by environmental and social needs. Lawns are used for gardening as patches of 267 

green soft carpets in urban neighborhoods, in children’s playgrounds, and in a variety of 268 

sports activities such as football, cricket, golf and other recreational activities. “Bowling 269 

Green” is referred to already in a remote literary source mentioning that “The world's 270 

oldest surviving bowling green is the Southampton Old Bowling Green, which was first 271 

used in 1299” as mentioned in a manuscript of that period in the royal library, Windsor 272 

(71). There is no indication however that the grasses were domesticated, and it is 273 

accepted that lawns date initially to the 16th century and are important aspects of the 274 

interaction between the natural environment and constructed urban and suburban 275 

spaces [72] that became popular with the northern European aristocracy. From the 276 
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1860s lawns, mainly for sports, became a middle-class trend and their popularity 277 

increased in the US and Europe towards the end of the 19th century. Turf grass 278 

revolutionized people’s way of living, especially in the urban areas of the more 279 

industrialized countries, and are essential to maintaining the urban ecology. As from the 280 

middle of the 20th century lawns became a significant industry, and now comprise a 281 

considerable part of many urban land areas [73, 74], thus forming another unique 282 

niche.  283 

Two additional examples of recently domesticated ornamental plants include several 284 

Alstroemeria species that are native to South America and were domesticated only 285 

during the last 50-80 years and spread worldwide [75, 76] to supply market demands for 286 

new attractive cut flowers and pot plants. Wax flower varieties (Chamelaucium spp.), 287 

that are endemic to South Western and Western Australia, were domesticated recently 288 

in the USA and Israel for another reason: their hardiness to dry climates in sunny areas 289 

[77, 78].  290 

Unlike rose, tulip and bonsai which are deep-rooted in the cultural history of 291 

ornamental plants, lawns, Alstromeria, wax flower and many additional ornamental 292 

plants have been domesticated and bred over the last 50-80 years only, as a result of 293 

new socio-cultural trends and market demands. Many of them are associated with 294 

urban life, recreation activities and environmental concerns. This shift is associated with 295 

the increase in personal income, not only of elites but also of broader sections of the 296 

society, that enabled more people to spend more money on "luxuries". This has resulted 297 

in expanded world markets for new exotic flowers and ornamental plant species. 298 

Domestication of grasses to create lawns is clearly the result of socio-economic needs 299 

and preferences, and lawns are now viewed as a compulsory element of planning urban 300 

landscapes, almost an icon [73]. 301 

Aesthetic, symbolic and prestige significance of ornamental plant domestication 302 

Flowers and ornamental plants have attracted people’s senses and aesthetic emotions 303 

for millennia, triggering the domestication of many species. Over time, especially since 304 
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the beginning of the 20th century, they have become increasingly popular in many 305 

communities and countries, and thus have become a commercial success. Their world 306 

production has surpassed all earlier expectations and they are now grown and 307 

purchased by hundreds of millions of people globally. The increasing number of 308 

domesticated and bred ornamental plant species, and the modern ornamental plant 309 

large-scale marketing system during the last 50-100 years is the result of public interest 310 

and a search for additional shapes, sizes, colors, scent and applications – all driven by 311 

market demands, human aesthetic considerations, including exotic novelty. In the 312 

following we discuss how the aesthetic attractiveness and symbolic assets of 313 

ornamental plants became a material marketable asset, and how scientific discoveries 314 

and technologies coevolved with aesthetic socio-cultural dimensions of the human 315 

niche (Figure 2, Figure 3). To the best of our knowledge this is the first analysis of the 316 

role of plant gene-human culture coevolution, human NC and CCE as related to 317 

domestication, breeding and global spread of ornamental plants.  318 

Human aesthetics values and senses can trigger specific socio-cultural niches 319 

The earlier claims that aesthetic preferences evolved to enhance survival and 320 

reproductive success [79], does not accommodate the cumulative socio-cultural 321 

evolution of the aesthetic values of many visual arts, including ornamental plant 322 

domestication and breeding. The ongoing domestication, breeding and cultivation of 323 

new ornamental plant genotypes fits better with the view that, like other human 324 

attributes, aesthetic values are culturally and socially learned from others and further 325 

evolve, as they are transmitted and spread to larger communities [14, 16], with 326 

preferences being modified by indirect and prestige bias [14, 80 - 82]. 327 

Humans are powerful cultural niche constructors [83], and one such significant 328 

dimension of the human cultural niche is the aesthetic dimension that sparked for 329 

millennia the arts of painting, architecture, sculpturing and the like. Human aesthetic 330 

values have long affected the evolution and domestication of ornamental plants, as is 331 

the case with different forms of visual and other arts. In many respects the aesthetic 332 
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features of flowers and ornamental plants are similar to those of visual arts such as 333 

painting and sculpture. Moreover, the consumers and breeders of ornamental plants 334 

make many of the same kinds of choices that visual artists do, i.e., selecting for color, 335 

form, size, texture, and pattern, and all are evolving along the principles 336 

of cumulative cultural evolution operating within specific transmitted traditions [84].  337 

Thus, the diversity of our individual aesthetic interests and preferences may explain the 338 

expanding ornamental plant markets given the fact that the socioeconomic condition 339 

permits to spend more money. Once a new variety is exhibited in public, the innovation 340 

becomes a social event that can alter the tradition and result in practices like collecting 341 

unique "showy" ornamental plants (e.g., orchids, selected succulents and ferns), and 342 

gardening exhibitions (Figure 2). The public manifestation results in a specific dimension 343 

of human niche that we can term “aesthetic niche” [85]. The market success deriving 344 

from the prestige of aesthetic novelty permits the employment of new best practices to 345 

progress; once a new form is established conformity bias can take over [14, 81]. Indeed, 346 

due to adoption of new breeding techniques and marketing strategies, ornamental plant 347 

breeders, gardeners and consumers drive forward ornamental plant exhibitions, to 348 

enhance the spread of ornamental plants and their popularity, and in addition influence 349 

urban environments and communities that they serve by producing aesthetic values, in 350 

the form of living plants. For example, competition on prestige and economic value of 351 

paintings, sculptures, choreography [84] can enhance public interests and further drive 352 

others to produce pieces of arts.  353 

It was suggested that cultivated flowers are rewarding because they have evolved to 354 

rapidly induce positive human emotions that can be explained by the personal aesthetic 355 

pleasure associated with flowers [32,33]. Beauty is considered to be "in the eye of the 356 

beholder"; however, recent studies in neuro-aesthetics indicate in fact that "beauty can 357 

be expressed in the brain of the beholder" [28]. Neuro-aesthetics represents a 358 

convergence of neuroscience and empirical aesthetics, i.e., the recording of brain 359 

responses to aesthetic stimuli [86]. Brain-scanning experiments showed, e.g., that a 360 

specific cortical area of the brain was active during the experience of musical and visual 361 
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beauty [36]. Moreover, it was found recently that oral administration of dopamine 362 

modulated and enhanced the reward experiences elicited by music [87]. These 363 

examples, and others, may suggest that cultural arts that appeal to human senses, like 364 

aesthetic enjoyment of ornamental plants, can be mediated by chemical signals, 365 

transmitters and brain activity. Aesthetic values and appreciation of beauty are common 366 

to most human beings [ 30, 31]; however, as we would expect from our cultural 367 

evolutionary account, specific differences in what is regarded as aesthetically attractive 368 

exist among socio-cultural groups. A study of symmetry, beauty and evolution [37] 369 

showed that symmetry preferences may arise as a by-product of the need to recognize 370 

objects irrespective of their position and orientation. Indeed, one of the major 371 

characteristics of flowers is the symmetrical presentation of the petals which 372 

contributes to their attractiveness [88]. It was further proposed that the aesthetic 373 

character of personal and group adornment such as jewelry (and for that matter 374 

ornamental plants) can promote its function or meaning [85]. It is interesting to note 375 

that similar visual characteristics like color were involved also in animal domestication 376 

(89) and it was concluded that coat colour most likely appeared very soon after the 377 

domestication process began, and that humans have been actively selecting for colour 378 

novelty. An alternative view claims that it is not a direct selection of colour but likely a 379 

pleiotropic consequence (90). 380 

 381 

Attractiveness of ornamental plants as symbolic and prestigious marketable assets 382 

The attractiveness of many ornamental plants includes several typical characteristics 383 

such as color, scent, symmetry, shape that can have symbolic values in addition to their 384 

aesthetic appeal [42]. Colors, for example, often have different meanings in different 385 

cultures, and color symbolism is context-dependent [91]. Color symbolism has changed 386 

also with time, and colors had in the past also a religious context, e.g., blue being 387 

symbolic of heaven and white of purity. Today, purity is still symbolized by white in 388 

Australia and the USA, but by blue in other countries like India [92]. Mourning, for 389 
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example, is symbolized by white in Japan, black in Europe and the US, and blue in Iran. 390 

Accepting the common definition of symbolism, i.e., "to signify ideas and qualities by 391 

giving them symbolic meanings that are different from their literal sense", many flowers 392 

and ornamental plants function in fact as symbolic assets, e.g., the white Calla lily in 393 

funerals and mourning. Moreover, ornamental plants further evolved from functioning 394 

merely as aesthetic and symbolic assets to material and practical marketable economic 395 

goods. Such is the case with roses where visual aesthetics combined with scent turned it 396 

into the world's major cut flower business; with tulips and orchids that became 397 

competitive prestige objects for collectors; bonsai trees that originated in Japan and 398 

China as a cultural symbolic personal asset, and are now salable goods all over the 399 

world.  400 

According to Bourdieu [63, 64], the evolution of society and class differences cannot be 401 

explained by economics alone, and cultural assets, which include all types of symbolic 402 

goods (e.g., literature and books, paintings, hymns, and also material items like a flag or 403 

a myrtle wreath) have two aspects: symbolic and functional. The symbolic assets are 404 

referred to as resources available to an individual on the basis of honor, prestige or 405 

recognition, and are interchangeable with material goods [63]. Ornamental plants have 406 

all these dimensions relevant to social competition [81, 82, 93], and their aesthetic- and 407 

symbolic-derived prestige were most likely the road to social and commercial influence 408 

[94].  We propose that it is the case as well for flowers and ornamental plants 409 

domestication, breeding techniques, cultivation and marketing. The tulipmania period in 410 

the Dutch Golden Age is a good example of how a cultivated plant affected the economy 411 

and life style, and also vice versa: it indicates how the economic considerations of Dutch 412 

merchants, in part due to the desire for economic and social prestige, drove breeders 413 

and breeding skills and technologies. The fact that ornamental plant breeding in specific 414 

markets is aimed more towards uniformity in flower shape and color, while in others to 415 

maximize "eye-catching" divergence of flower colors and shapes, represents a shift in 416 

public socio-cultural preferences. 417 

  418 
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Scientific technologies coevolve with the needs of newly-constructed cultural and 419 

social niches 420 

All mentioned domestication and breeding events of ornamental plants could not have 421 

been achieved without both the earlier breeding technologies and the current 422 

molecular tools used for food plants, that were applied later for breeding ornamental 423 

plants. Once a given technology is available, it can be quickly adapted to modify 424 

selection pressures in other plants and alter gene frequencies. This raises the question 425 

of how scientific discoveries and new technologies, CCE and NC co-evolve [95, 96].  426 

Agriculture is the result of repeated scientific innovations and technologies that are 427 

sequentially linked, thus resulting in a chain of progressive innovations [25, 97]. The 428 

power of translating novel discoveries in basic sciences to practical applications 429 

emphasizes the evolutionary nature and co-dependence of human cumulative culture, 430 

scientific discoveries, and technologies that can form successive human niche 431 

dimensions. The evolutionary progressive technologies follow the concept that 432 

"technology is cumulative… as a result of a process of Darwinian 'descent with 433 

modification' " [95]. Moreover, technology evolution is integrated within the concept of 434 

all EES elements of ornamental plants – from domestication to market (Figure 3). As 435 

proposed earlier [98], the evolutionary entities that are the subject of variation and 436 

inheritance include technological lineages, recipes for techniques, and more. This 437 

evolution is not necessarily linear; indeed, cumulative technological advances and 438 

effects are generally exponential [99].  For example, the basic science of revealing DNA 439 

structure [100], was followed later by a series of new techniques for DNA sequencing, 440 

recombinant DNA technologies and gene editing in plants, that enabled constructing the 441 

large areas of the GM plants niche [97, 101, 102]. Domestication and breeding 442 

operations in turn, are additional elements of the Anthropocene [83], that have brought 443 

about new socio-cultural questions of food safety, and economic, environmental, ethical 444 

and legal considerations [97]. Moreover, the exponential data accumulation of plant 445 

molecular studies generated the need to introduce yet other technologies, e.g., machine 446 

learning and big data analysis, to enable future studies that were impossible to analyze 447 
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without it [103]. The quick adoption and spread of novel plant breeding techniques 448 

(e.g., the recent gene editing methodology) precisely follow the reasoning of the 449 

cultural evolution theory discussed earlier [14, 82] that is crucial for permitting new best 450 

practices to take place (Figure 3). 451 

Technology transfer is another aspect of science-technology-culture coevolution that 452 

became more obvious and relevant in the era of globalization, and exchange of methods 453 

and technologies now infiltrates most countries and societies [104, 105]. It became an 454 

important aspect of the plant industry, for example with respect to availability of cut 455 

flowers all year around: specific cultivation technologies that were developed in the 456 

Northern hemisphere countries are being transferred to selected Southern hemisphere 457 

countries in order to balance the flower market (i.e., shipping cut flowers from Southern 458 

hemisphere during the winter season in Northern hemisphere markets). Interestingly, 459 

Theophrastus mentioned that roses flowered in Egypt 2-3 weeks earlier than in Greece 460 

and were therefore much in demand [106]. 461 

Concluding Remarks and Future Perspectives 462 

The extended evolutionary synthesis seems to bridge the divide between biological 463 

sciences and human culture, and it is now well accepted that plant domestication is 464 

associated with human socio-cultural evolution as studied here for ornamental plants 465 

[22-25]. 466 

Ornamental plant domestication, characterized by repeated domestication events in 467 

various countries and regions, likely follows the protracted domestication process 468 

proposed for food plants [107]. The specific case studies studied here comply with the 469 

accepted understanding of the extended evolutionary synthesis (and gene-culture 470 

coevolution), i.e., that similar socio-cultural norms and motivations for ornamental plant 471 

cultivation, in different categories of ornamental plants, can be adopted by different 472 

societies in different times. 473 

The human niche cannot be understood without integrating NC with cultural evolution 474 

and social change [18, 19].  475 
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The attractiveness of ornamental plants is both an aesthetic-symbolic and a prestige 476 

asset that upon domestication and further breeding became a marketable popular 477 

material good. 478 

Human culture-driven scientific discoveries and technologies are a prerequisite for 479 

improved plant domestication, breeding and large-scale farming, that in turn construct 480 

new socio-cultural niches, as shown here for ornamental plants. 481 

Finally, the many interactions of human mind and culture, including aesthetic values and 482 

reasoning on one side, with new gene and other technologies on the other, results in 483 

domestication, breeding and cultivation of both food and ornamental plants -  echoes 484 

an old Chinese proverb: “When you have only two coins left in the world, buy some rice 485 

to eat with one, and a flower for the soul with the other”, as artistically represented in 486 

Figure 4. 487 

 488 

Outstanding questions 489 

 490 

Does the new Extended Evolutionary Synthesis theory allow for a better overall 491 

understanding of plant domestication in general, and specifically ornamental plant 492 

evolution? 493 

 494 

Why were plants domesticated, bred, and intensively cultivated to exhibit new visually-495 

aesthetic characteristics? Is human cultural evolution associated with the expression of 496 

aesthetic values? 497 

 498 

Domesticating and breeding of ornamental plants involved over-expression (or 499 
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silencing) of specific metabolic pathways (e.g., color and scent metabolites) in response 500 

to cultural-social-economic needs – did it enrich our planet with specific alleles, 501 

resulting in yet another feature of the Anthropocene? 502 

 503 

Ornamental plants have been cultivated since ca. 4,000 BC, considerably later than 504 

initial food plant domestication. Did aesthetic values become relevant only at a later 505 

human sociocultural stage after the rise of states and the elites, along with craft 506 

specialization when material culture evolved? 507 

 508 
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Key Figure 1. Components of the extended evolutionary synthesis. The EES includes 3 776 

major inborn and interrelated elements (CCE, NC and GCC), indicating that heredity is 777 

not mediated by genes only. Technology Evolution (TE) is a significant outcome of all 3 778 

elements, and together all four pillars interact with each other to express and produce a 779 

certain progress or benefit to humanity and/or a novel product (symbolic or material) 780 

and/or to the environment (occasionally also negative effects). The relative contribution 781 

of each of the 4 pillars is variable, depending on the purpose and end-result. In the case 782 

of ornamental plant domestication and breeding: human aesthetic values (CCE) trigger 783 

the domestication of a specific plant species, followed by breeding, and the established 784 

genotype/phenotype is a manifestation of GCC. Once established in a garden, the 785 

ornamental plants confront a new NC (environmental-climatic conditions) that may 786 

further modify the genotype/phenotype. When introduced to another country or 787 

region, it may undergo a second domestication event due to selecting a specific 788 

genotype, and/or responding to people’s new local aesthetic preferences and market 789 

priorities (e.g., color, shape) - thus a second GCC event. All later breeding and cultivation 790 

activities depend increasingly on technology and innovations - the result of CCE. The 791 

“Expression of Progress” panel presents various types of “end results”, either symbolic 792 

or material in: domesticated plants, animals (including In Vitro Fertilization, IVF), and 793 

even microorganisms (e.g., “domestication” and isolation of specific yeast varieties for 794 

beer production). Additional details in Box 1. 795 

Figure 2. How cumulative cultural and scientific evolution, plant gene-human culture 796 

coevolution and newly formed human aesthetic niches drive ornamental plant 797 

domestication? The notion that the human sense of aesthetics triggers ornamental 798 

plant domestication and breeding is presented in the upper 3 interacting boxes: (1) 799 

Cumulative cultural-scientific evolution starts with transmission of accumulated 800 

knowledge that results in scientific innovations that are further translated to practical 801 

technologies. Scientific innovations and technologies progress sequentially and 802 

exponentially to the degree that machine learning has to be employed for data analysis; 803 

(2) Plant gene-human culture coevolution, triggered by human sense of aesthetics, 804 
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advance sequentially in line  with new developing technologies, starting with 805 

domestication of natural exotic plants and followed, by traditional breeding and 806 

molecular-aided breeding (marker-assisted selection, genetic engineering and genome 807 

editing); (3) New aesthetic-driven sociocultural niches are formed , that further evolve 808 

depending on personal and group preferences of specific human aesthetic components 809 

(e.g., color, scent, symmetry), resulting in the creation of new markets that are 810 

regulated by inter-group prestige and competition features. Thus, from being initially 811 

domesticated because of their aesthetic and symbolic values, ornamental plants 812 

became commodities (4) The resulting plant categories are owned, marketed and 813 

bought by consumers because of increased awareness to aesthetic assets, and in part 814 

due to social competition 815 

Figure 3. The sequential overall processes of ornamental plant domestication and 816 

breeding and its integration with the accompanying technologies. Representation of a 817 

“flowering plant” growing from the interacting roots of CEE, GCC, NC and TE (CCE and 818 

GCC drive together TE, i.e., technology evolution) that are merged in the EEC root-crown 819 

from which the stem and entire plant is growing. The stem is composed of 5 sequential 820 

growths “periods” (from the past to more recent). The left-side leaves represent the 821 

sequential goals and stages towards marketing the plants, from initial domestication, to 822 

phenotype selection, to breeding and genotype selection, to large scale cultivation and 823 

marketing. Additional details are presented in the left-side panels. The right-side leaves 824 

represent major agricultural and breeding technology-associated phases that 825 

correspond to each stage of the left side leaves: early domestication and farming (use of 826 

sickles, canal irrigation, ploughs etc.), to the industrial revolution when farming became 827 

mechanized, to traditional (including controlled pollination, mutation breeding and 828 

hybrid production), to “molecular breeding” (including GM and gene editing), and finally 829 

to computerized practices such as machine learning etc. The approximate time period 830 

(years) is represented on the right (time when it started; parts may continue for longer 831 

periods). The “flower petals” show the specific ornamental plant species discussed here, 832 

together with the approximate start of domestication, from the left petals and anti-833 
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clockwise: rose to bonsai, to tulip to carnation and gerbera (and many other species), 834 

followed by lawns and new landscaping plants, to recently domesticated Alstromeria, 835 

Wax-flower and other species, to engineered “Blue Rose” and future engineered and 836 

gene-edited ornamental plants.  837 

Figure 4. Origins of the ornamental plant world we live in. Artistic representation of 838 

the interaction between human culture and knowledge (represented on the left by the 839 

thinking brain and a book) and plant biology (represented on the right by the DNA helix 840 

and flower morphology), that coevolve through scientific-technical advances 841 

(represented below by a computer and an irrigation sprinkler) to produce the “target” 842 

result, in this case an attractive ornamental plant that satisfies human quest for 843 

environmental-friendly aesthetic components (above). Represented is a flowering Iris 844 

regis-uzziae, an endemic wild plant growing in the Negev southern semi-desert, Israel 845 

that can be domesticated for both its aesthetic attractiveness being visually-appealing, 846 

and as a practical asset that supply market demands. Can it be domesticated? Yes, if we 847 

bring together human cumulative culture, genes and cells and technology. If we use, in 848 

addition, various breeding technologies to increase, for example, the length of the short 849 

flower stalk and to extend its shelf-life, it can become a most desirable marketed 850 

rhizome plant. 851 

Box 1. The Extended Evolutionary Synthesis (EES) and its major elements  852 

EES: is characterized by the notion that the direction of evolution need not start with a 853 

mutation and does not depend on selection alone. The cause of an evolutionary change 854 

may, for example, start with developmental plasticity or niche construction that results 855 

in genetic changes. Several developmental processes (e.g. epigenetic effects, regulation 856 

of gene expression, construction of internal and external developmental environments) 857 

can be involved in the origin of adaptive novel phenotypic variations. Basically, all 858 

processes that generate phenotypic variation (including developmental plasticity, 859 

genetic, epigenetic, ecological and cultural inheritance) are potential sources of bias [8 – 860 

10].   861 
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CCE: The evolutionary change in knowledge or behaviour can be horizontal (between 862 

members of the same generation), or vertical (from parent to offspring), or both. CCE 863 

can result in accumulated ideas and/or new inventions and technologies that selectively 864 

accumulate over successive generations. Population CCE is manifested by a sequential 865 

series of stages over time: a change in human knowledge and/or behaviour as a result of 866 

social learning, followed by transfer of the novel behaviour or knowledge to others, 867 

after which the accumulated knowledge results in an improvement or progress of 868 

cultural or genetic fitness – all stages are thus repeated and generate sequential 869 

improvements over time [14, 15].   870 

NC: is the biological principle that organisms do not just passively adapt to their 871 

environments, rather often they actively construct their environments, and those 872 

modifications in turn affect their own and other species’ evolution. Plant domestication 873 

and breeding activities are prime examples of human cultural niche construction, where 874 

these practices transform the environment and in turn those environmental changes 875 

alter the selection pressures on agriculture. Plant domestication can modify the abiotic 876 

environment (e.g., water, salinity, soil composition), the biotic environment (e.g., other 877 

plant species, insects, fungi, and weeds), and the social environment (e.g., social norms, 878 

regulation, markets) [18, 19, 22, 25].  879 

GCC: relies on CCE, but focuses on cases where cultural inheritance causes changes in 880 

gene frequencies, which feeds back on cultural evolution, forming co-evolutionary 881 

dynamics. Culturally transmitted processes (including knowledge, inventions and 882 

technologies) affect and shape a species’ genetic evolution by modifying the selection of 883 

genes, and vice versa. GCC has focused initially on functional genes in human 884 

populations, and was extended to non-human genes contained within domesticated and 885 

genetically modified plants and animals. Plant Gene-Human Culture Coevolution is a 886 

branch of GCC, where human culture affects the evolution of domesticated, bred and 887 

genetically modified plants genes. [16, 17, 19, 22, 25].  888 

 889 
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Glossary  890 

Aesthetic Considerations: Aesthetics concerns a large range of disciplines, from art and 891 

philosophy to social science, cultural history and physical forms, and thus has different 892 

and complementary meanings depending on the field in which it is defined. Aesthetics is 893 

discussed here in its common and practical meaning with respect to ornamental plants 894 

and gardening (rather than in its philosophical meanings) and adopted by a particular 895 

person, group, or culture i.e., those plants which are grown for their beauty, appealing, 896 

eye-catching and aesthetic features, in home gardens or in public places like parks;  their 897 

value relies on their aesthetic appearance, including pleasing flower and/or leaf color, 898 

flower and/or leaf shape, fragrance, leaf texture and variegation, and overall plant form 899 

or architecture. 900 

Conformist bias: Selective socio-cultural learning of some behavior on the basis that it is 901 

the locally most common version. ‘When in Rome do as the Romans’. 902 

Cumulative Cultural Evolution (CCE): Cultural transmission of knowledge via social 903 

learning from one person and from one generation to another that results in 904 

evolutionary change in knowledge. 905 

Extended Evolutionary Synthesis (EES): Unlike the earlier “modern synthesis” concept 906 

of evolution that merged Darwin's theory of evolution and Mendelian heredity as the 907 

sole factors, EES proposes that “there is more to inheritance than genes”, i.e., organism 908 

evolution in general (including plant evolution and domestication) cannot be explained 909 

by genetic concepts only. Rather, it is directed also by physical development, by the 910 

environment that shapes organisms’ traits, by human socio-cultural processes, and by 911 

extra-genetic inheritance that bridge the gap between genetic evolution, the 912 

environment and human culture. 913 

Gene-Culture Coevolution (GCC): The ways by which human cultural factors modify and 914 

shape their own or other organisms' gene expression and genetic evolution. 915 
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Indirect bias: Selective socio-cultural learning of some behavior not on the basis of any 916 

intrinsic merit (this would be direct bias) but on some aspect of the individual(s) with 917 

which it is associated, e.g. their social status.  918 

Niche construction (NC): The process whereby organisms, through their activities and 919 

choices, transform and modify their own and other organisms' environments and 920 

niches. 921 

Plant Gene-Human Culture Coevolution (PGHCC): Gene-culture coevolution where the 922 

gene is of plants and culture is of human.  923 

Plant Breeding: application of genetic principles to modify plant traits and produce 924 

desired characteristics using various technologies (traditional breeding, marker-assisted 925 

selection, genetic modification and gene editing).  926 

Prestige bias: Selective socio-cultural learning by copying the behaviours of respected 927 

and admired individuals, to attain a high social rank.  928 

Symbolic Assets/Material Goods: An object, word, or action that stands for something 929 

else, something that represents abstract ideas or concepts such as myths, figures, 930 

sounds, color, shape, symmetry. Symbolic culture contrasts with material and physical 931 

entities, e.g., the color, symmetry, scent of flowers or their use as funeral wreaths have 932 

symbolic meaning, but once they are bred, bought and sold in the market they become 933 

material goods or commodities. 934 

Tulipmania: was the period during the Dutch Golden Age when introduced  tulips 935 

rapidly became a luxury item due to intense breeding; contract prices for tulip 936 

bulbs reached extraordinarily high levels and then collapsed in 1637, creating a socio-937 

economic phenomenon that rapidly resulted in a significant economic crisis. 938 
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