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Abstract

With a basis in human appreciation of beauty and aesthetic values, the new era of ornamental crops is based on implementing
innovative technologies and transforming symbols into tangible assets. Recent advances in plant biotechnology have attracted
considerable scientific and industrial interest, particularly in terms of modifying desired plant traits and developing future ornamental
crops. By utilizing omics approaches, genomic data, genetic engineering, and gene editing tools, scientists have successively explored
the underlying molecular mechanism and potential gene(s) behind trait regulation such as floral induction, plant architecture, stress
resistance, plasticity, adaptation, and phytoremediation in ornamental crop species. These signs of progress lay a theoretical and
practical foundation for designing and enhancing the efficiency of ornamental plants for a wide range of applications. In this review,
we briefly summarized the existing literature and advances in biotechnological approaches for the improvement of vital traits in
ornamental plants. The future ornamental plants, such as light-emitting plants, biotic/abiotic stress detectors, and pollution abatement,

and the introduction of new ornamental varieties via domestication of wild species are also discussed.

Introduction

Human senses and aesthetic feelings have been attracted to
ornamental plants for millennia, producing numerous new
cultivars [1]. Despite challenges posed by SARS-CoV-2 and the
global pandemic, the annual flower trade reached 5.6 billion
euros in 2021 [2]. In terms of annual revenue, the European
Union is the leading producer and consumer of both potted and
cut flower ornamentals (carnations, chrysanthemums, orchids,
gerbera, freesia, lilies, gladiolus, roses, and tulips) (3, 4]. The
main objective of ornamental plant cultivation is to produce new
attractive cultivars with enhanced flowering and other aesthetic
qualities/floral traits for commercial usage [1]. Several plant
breeding techniques have been adopted to enhance or improve
color, plant architecture, shelf life, and abiotic/biotic stress
resistance. Although cross-breeding and mutation breeding have
resulted in the development of numerous cultivars, they are only
pertinent to a small number of floral characteristics. In addition,
conventional breeding, hybridization, and mutation approaches
have several drawbacks, including high heterozygosity and
subtractive one-point improvement.

Given that this century is widely recognized as the dawn of
the biotechnology-driven bioeconomy. The conventional plant
breeding methods merged with transgenic technology can help
to create desired phenotypes in flowers, stress resilience, and
postharvest longevity in ornamental plants that are not seen in
nature [5]. Genetic transformation is a potent biotechnological
tool that may be utilized to produce an “additive” one-point

improvement, as opposed to mutation breeding, which produces
a “subtractive” one-point improvement. Since the first report of
genetic transformation in ornamental plants in 1987, and till date,
a large number of ornamental plants have been transformed [6,
7]. Despite its potential utility, only a few kinds of genetically
modified ornamental crops have been field tested, and the only
genetically engineered ornamental crops now available in the
market are color-modified carnation and rose variants [6]. Blue-
colored carnations, roses, and chrysanthemums are examples of
genetically modified ornamental crops that could not have been
bred possibly by conventional techniques [7]. Among ornamental
plants, genetic modification was maximally executed in chrysan-
themum (26.7%), followed by petunia (15.2%), orchids (6.75%), rose
(6.7%), dianthus (5.5%), etc. [8]. In addition, since the introduc-
tion of next-generation sequencing technology, genomic sequence
data of potential ornamental plant species have been reported
in just a few years. The availability of genome sequence data
facilitates not only the comprehension of genome structure and
function, but also the study of the genesis and evolution, mapping,
and cloning of the genes responsible for essential floral features
[5,8-11]. In parallel to the classic genetic modification techniques,
genome editing technology, such as the clustered regularly inter-
spaced short palindromic repeats (CRISPR), has developed for tar-
geted (knockout/in, base and prime editing) genetic modification
in the genome of plants. As the major approach for determining
gene function and developing novel cultivars, it is predicted that
cutting-edge genome editing technologies like CRISPR-associated
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9 (CRISPR/Cas9) will expedite crop breeding [12-16]. The CRISPR/
Cas9 technique was employed to alter the genome of Petunia
hybrida, making it the inaugural instance of an ornamental plant
genome being modified. This modification aimed to facilitate the
production of novel pigments. So far, different floral attributes
(senescence, flowering, pigment, and self-incompatibility) have
been modified among ornamental crops (chrysanthemum, den-
drobium, torenia, ipomoea, lilium, and phalaenopsis) through
CRISPR/Cas technology, but the major emphasis is on the devel-
opment of novel color varieties [13]. These research findings
suggested that CRISPR/Cas9-induced gene editing (GE) is effec-
tive in ornamental plants for a novel trait introduction and its
enhancement.

Recently, light-emitting, biotic/abiotic stress detectors, and
pollution-abating plants are among the prospective ornamentals
that can be developed using genetic engineering and nanotech-
nology [17-19]. In addition, Meher et al. [20] and Cao et al. [21]
offer unique techniques for producing gene-edited plants without
the use of plant tissue culture. These biotechnological advances
have the potential for de novo domestication of wild ornamental
plant species and the ability to develop novel ornamental traits
with a vast array of applications [1, 22]. During domestication,
target DNA sequences are inserted into the crop of interest via
bioballistics, Agrobacterium, and other novel techniques (CRISPR,
RNAI). The process of de novo domestication through genetic
modification can be divided into four distinct phases. Firstly,
potential genes that may have played a role in the domestication
of crops are identified. These genes should have orthologs that
can be edited in a closely related wild species. Secondly, targeted
genetic modifications are carried out on these specific loci in
the wild species. Thirdly, genotypic and phenotypic traits that
are desirable are screened. Finally, agronomical evaluations are
conducted to assess the overall performance and suitability of
the genetically modified species [22].

In this regard, there are a number of reviews out there on this
topic, but none of them have compiled a thorough overview of
both existing and newly emerging biotechnological approaches,
such as GE and de novo domestication, in the context of enhancing
floral attributes for developing and designing new varieties/culti-
vars of ornamental crops with enormous market potential. This
paper also discusses the development of future-generation orna-
mental traits in plants such as phytoremediation, light emission,
and stress biosensing, in addition to upgrading classic ornamental
traits (sensory or aesthetic). Future research potential in this
sector is highlighted, along with the pitfalls and challenges asso-
ciated with deploying biotechnological methods to create orna-
mental plants with the traits of interest.

Therefore, the review article delivers an up-to-date and com-
prehensive discussion about the molecular, biotechnological, and
omics perspectives for designing future ornamental crops and
enhancing their commercial important traits. The present review
study information holds significant value in informing the devel-
opment of viable strategies for research communities, industries,
and commercial sectors involved in the cultivation of future orna-
mental plants. These strategies aim to cater to diverse purposes
throughout the Anthropocene epoch.

Genome sequencing

The genome sequence data are helpful for conducting research
on gene evolution, genomic variants, gene regulation, and other
significant biological systems based on information on the full
genome sequence [11]. The timeline of genome sequencing in

major ornamental plant species is represented in Fig. 1 (for ref-
erences, see supplementary file S1; S1-S53). Prunus mume was
the first ornamental plant to have its entire genome sequenced,
and this was accomplished in 2012 [5, 23]. On the basis of the
genome sequence of prunus, 7813 differentially expressed genes
(DEGs) were identified, which provided a unique perspective on
the formation of floral scent. After that, the genomes of more
than 65 different ornamental plant species have been sequenced
in the past decade [24, 25]. The field of ornamental horticul-
ture has experienced significant advancements in molecular biol-
ogy research, primarily attributed to the outcomes of whole-
genome sequencing conducted on several plant species within
this domain [26]. The investigation of genome structure and func-
tion in ornamental horticulture not only contributes to compre-
hension but also holds significant implications for the exploration
of ornamental plant evolution, functional gene mapping, and
cloning for important traits, thus speeding up ornamental plant
breeding [27].

China is recognized as the “mother of gardens” due to its abun-
dance of materials pertaining to attractive ornamental plants.
Furthermore, China has successfully accomplished or taken the
lead in conducting genome sequencing for a total of 32 distinct
species of ornamental plants [5]. Nevertheless, it is worth noting
that both Japan and the USA have successfully conducted genome
sequencing on over 10 distinct ornamental species. The size of the
complete genome of ornamental plants that have been sequenced
can range from 237 megabytes (MB) to 13.79 gigabytes (GB), and
the scaffold N50 can be anywhere from 13.8 kilobytes (KB) to
65.35 MB [5, 28]. The genome-based phylogenetic trees that have
been created by Zheng et al. [5] for all of the species were made
public and are classified into 21 orders and 35 families. When it
comes to ornamental plants, the groups Rosaceae, Orchidaceae,
and Asteraceae are considered to be the most representative
in terms of high-quality sequencing. Roses are the most widely
cultivated decorative and aromatic plants in the world; therefore,
their cultural and economic significance cannot be overstated.
The complete genome sequence of Rosa multiflora was determined
using the utilization of Illumina MiSeq and HiSeq technologies
[29]. This accomplishment was achieved by Japanese researchers
who were interested in deciphering the molecular mechanism
behind the flower color, scent, and growth characteristics. The
size of the Rosa genome is 560 MB, and its N50 contig is 24 MB,
thus making it one of the most thorough plant genomes. Similarly,
Rosa chinensis, which was a doubled haploid line derived from “Old-
Blush,” has been sequenced and republished by Hibrand Saint-
Oyant et al. [30]. In the Orchidaceae family, the whole-genome
sequence of Phalaenopsis equestris has been completed with a
scaffold N50 size of 359.1 KB. Species of P. equestris were the first
monocot flower to have its whole genome sequenced [31]. This
Phalaenopsis sp. holds substantial importance as an ornamental
potted plant and possesses considerable economic value on a
global scale. Researchers from China and Australia collaborated
to assemble a draft genome that was 3.1 GB in size and belonged
to an important winter-flowering Phalaenopsis cultivar known as
KHM190. A different species of the genus Phalaenopsis (Phalaenopsis
aphrodite) was also subjected to high-quality genome sequencing
in 2018 [32]. The scaffold N50 size for this species was 19.7 MB.
Both the Dendrobium officinale and Dendrobium catenatum entire
genomes were subjected to additional scrutiny by researchers
from China [33, 34]. The genome size of Apostasia shenzhenica was
estimated to be roughly 800 MB, while its scaffold N50 size was
determined to be 288 KB. Additionally, the observed heterozy-
gosity of this species was found to be 1.14% [35]. With a total
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length of 549 MB, scaffold N50 of 41 MB, and 41264 projected
genes, the chromosome-level genome assembly of Rhododendron
ovatum (azalea) has been reported by Wang et al. [36]. This study
presents a high-quality chromosome-level reference genome of
the evergreen azalea, offering novel insights into the mechanisms
underlying low-altitude adaptability and flower scent enabled by
tandem duplications [36]. The de novo whole-genome assembly
of Chrysanthemum nankingense and Chrysanthemum seticuspe was
sequenced in 2018 and 2019, respectively [37, 38]. In another
Asteraceae species (Chrysanthemum morifolium), the genome size
was determined to be greater than 9 GB [39]. The genome assem-
bly and annotation of C. morifolium, which consists of 27 pseu-
dochromosomes (8.15 GB; scaffold N50 of 243.69 MB), has revealed
the origin and evolution of cultivated chrysanthemums [40]. In
sunflower, 97% of annotated genes have been linked to a total
of 17 pseudo chromosomes, making the genome 2.94 GB in size
[5]. The resequencing of various species based on genome-wide
association studies was made easier to aid the identification of
critical genomic areas related to plant domestication and selec-
tion. The genome-wide resequencing thus enables the researchers
to analyze genetic resources, uncover genetic variations, analyze
genetic evolution, and ultimately help in the prediction of relevant
candidate genes behind important floral traits.

Candidate genes associated with important
ornamental traits

The important ornamental traits such as flower morphol-
ogy, anatomy, flower pigmentation, floral scent biosynthesis,
dormancy release, abiotic and biotic stress tolerance, early
flowering, and postharvest quality are discussed below along
with their candidate genes associated with these traits (Fig. 2)
(see supplementary file S1; references S54-5288).

Plant architecture

The morphological appearance and architecture of ornamen-
tal plants are also one of the determining factors for their
commercial acceptance by consumers. The dwarf phenotype
in chrysanthemum was achieved through the heterologous
expression of the mutant gai gene, which is known to be
insensitive to gibberellic acid in Arabidopsis. This resulted in a
diminished sensitivity to gibberellin and subsequently led to the
production of a dwarf chrysanthemum [41]. Plant architecture
was altered when the phytochrome Bl gene from tobacco
(Nicotiana tabacum) was ectopically expressed in chrysanthemum.
The transgenic plants were shorter and had wider branch
angles than their wild-type counterparts. To create a dwarf
chrysanthemum, researchers used an RNAi expression vector to
silence the genes responsible for brassinosteroids and gibberellins
biosynthesis [42]. By overexpressing homeotic genes KxhKN4
and KxhKN541 isolated from Kalanchoe x houghtonii, scientists
were able to produce ornamental Kalanchoe blossfeldiana plants
with a more compact stature [43]. By expressing ROL genes
from Agrobacterium rhizogenes, transgenic gypsophila, carnation,
and rose were created with enhanced rooting [44]. In addition,
overexpression of the gene for cytokinin biosynthesis (ipt;
isopentenyl transferase) in chrysanthemum increased the plant’s
tendency to produce more branches [45]. Five gerbera transgenic
plants were successfully generated by Agrobacterium-mediated
transformation using GSQUA2 (a gerbera SQUAMOSA like gene)
under the control of the 35 S CaMV promoter [46]. Dwarf
chrysanthemum can be easily developed through the coordinated
silencing of the DmCPD and DmGA200x genes [47]. Anovel strategy

for the generation of chrysanthemum cultivars with a reduced
number of tillers was proposed using DgD27, a cloned gene from
Dendranthema grandiflorum [48].

Flower morphology and anatomy

There are two categories of genes involved in flower growth and
development. The genes that direct the development of inflores-
cence meristems and the subsequent growth of flowers constitute
one group. Mutations in these genes can cause early or late flow-
ering in plants by affecting their ability to develop inflorescence
meristems or flower meristems, respectively. Homeoboxes arise
from mutations in the second category of genes, which control
floral organ development. CAG gene transfer in the antisense ori-
entation into C. morifolium was also shown [49]. It was discovered
that gynoecium and androecium are transformed into corolla-
like tissues when the CAG gene is suppressed. However, the rate
of change was minimal, and it was limited to a modification of
floral morphology [44]. Transgenic gerbera plants with an over-
abundance of GSQUA2 showed similar pronounced modifications
in their vegetative structures, such as an elongation of their vege-
tative axis. These plants were discovered to be sensitive with poor
root development and sparse flowering [50]. In lily’'s LMADS1-M
gene caused more flowers to form on leafy stems than in the
wild [51, 52]. Moreover, the floral structure of transgenic Lisianthus
flowers has been altered. In this, the second whorl of petals on
transgenic plants morphed into structures resembling sepals, and
the third whorl’s stamens were distorted. It is worth noting that
transgenic carnations containing the rol C gene under the control
of the 35S CaMV promoter produced more flowers and a greater
yield after pinching [53]. The generation of a multipetal phenotype
in Torenia fournieri through the dual knockdown or elimination
of the TfPLENA (TfPLE) and TfFALINELLI (TfFAR) genes using RNA
interference (RNAI) or CRISPR/Cas9-mediated genome editing has
been reported [54]. The number of petals in flowers notwithstand-
ing, the size of petals plays a significant role in plant reproduction
and horticulture. This characteristic is principally determined by
the process of cell growth. The inhibition of petal extension in Ger-
bera hybrida is mediated by the transcription factor GhTCP7. This
transcription factor interacts with the WIP-type zinc finger pro-
tein GhWIP2, leading to the activation of GhIAA26. The GhIAA26
is responsible for encoding an auxin signaling regulator [55].

In Chrysanthemum lavandulifolium, six CmCYC2 genes were
shown to have expression restricted to petal ray florets [56].
Overexpressing CmCYC2c in chrysanthemum, on the other hand,
increased both the length of the ray florets and the total number
of flowers produced. This suggests that flower shape is highly
complicated and is inherited by polygenic mechanisms, as no
discernible alteration was observed. Two Cyc2CL genes, Cyc2CL-1
and Cyc2CL-2, were discovered by Liu et al. [S7] to have crucial
functions in the formation of chrysanthemum stamens and ray
florets. Chrysanthemum anemone-type flower shapes appear
to be determined by a combination of additive and epistatic
quantitative trait loci, which have been identified. According to a
recent study conducted by Shen et al. [58], it is hypothesized that
the molecular control underlying the evolutionary transition from
a radiating to a disciform capitulum in chrysanthemum may have
been facilitated by the malfunctioning of CYC2g orthologs. When
it comes to flower formation, the TCP family of transcription fac-
tors (TFs) plays a significant role. Class I TCP TF member CmTCP20
hasbeen identified, and it has been linked to petal elongation [59].
Through transcriptome analysis, Liu et al. [60] found around 1800
DEGs, some of which were regulatory genes involved in floral
meristem and organ development in chrysanthemum florets.
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Chrysanthemum “Anastasia Dark Green” bud sport analysis of
petal abnormalities uncovered a network of genes that controlled
the shape of hooked petals. The overexpression of the CmYAB1
gene, which is a homolog of the chrysanthemum polarity gene,
led to the development of transgenic plants with decreased
petal curvature and flat petals. These plants had inflorescence
characterized by a pompon-like morphology [61]. One of the
most well-known chrysanthemum inflorescence shapes is the
anemone type, which displays colors and tubular flowers.

It is shown by the MADS-box genes, which regulate the timing
of flowering and the maturation of several floral organs [62].
Transgenic chrysanthemums flowered prematurely due to the
overexpression of AP1-like genes, which are part of the MADS-box
gene family and are found in the Asteraceae [63]. In G. hybrida,
TCPs (CYCLOIDEA [CYC]/TEOSINTE BRANCHED1-like) and MADS-
Box transcription factors have demonstrated their role in reg-
ulating heteromorphic flower type identity [64]. Flowering and
the transition from inflorescence meristems to floral meristems
occurred earlier in transgenic dendrobium orchids. It has also
been shown that DOAPI, an AP1 ortholog, was overexpressed in
transgenic dendrobium than wild types [65]. Similarly, transgenic
orchids were able to earlier flower by overexpressing MADS-box
genes such as DOSOC1 and OMADS1 [65]. Diploid wild chrysanthe-
mum (C. seticuspe) was mined for three FLOWERING LOCUS T (FT)-
like paralogues, and CsFTL3 emerged as the dominant regulator
of photoperiodic flowering [66]. The epidermal cells of ray floral
petals seemed shorter, and the shape has been transformed when
Gh-SOC1 was overexpressed, but this did not affect the timing
of flowering in G. hybrida. A lack of phenotypic alterations was
noticed in transgenic gerbera plants after the downregulation
of Gh-SOC1 [50]. The gene CmTCP20, belonging to the teosinte
branched 1/cycloidea/proliferating cell factors (TCPs) gene family,
was subjected to overexpression in chrysanthemum plants. This
genetic modification led to the development of larger flower
inflorescences and elongated petals [59]. As a result of over-
expression of CmCYC2¢, the number of flowers produced by C.
lavandulifolium and the length of the ligules on the petals of ray
florets both increased dramatically. The genetically engineered
Epimedium grandiflorum ectopically expressed the MADS-box gene
(LMADS1-M) from the lily, which displayed altered floral transition
and development (Lilium longiflorum) [52]. Arabidopsis chimeric
repressors AGSRDX48 and TCP349 have been used in other investi-
gations to alter floral characteristics in transgenic torenia [67]. In
conclusion, the scientific community and the general public can
gain a deeper understanding of the efficacy of genetic engineering
of ornamental plants through molecular breeding approaches,
which permit critical examination of biological processes for flo-
ral modifications.

Flower pigment and color

Structural and regulatory genes associated with various pigments
such as flavonoids, anthocyanins, carotenoids, and betalains have
been characterized and expressed to attain novel flower color in
ornamental plants. The study revealed that there was a height-
ened expression of the genes responsible for dihydroflavonol
4-reductase and 3-O-glucosyltransferase in H5 cultivars, which
exhibit pink flowers. However, no such rise in gene expression
was observed in Keikai or Jinba cultivars, which display white
flowers [42]. The expression of chalcone synthase, chalcone isomerase,
flavanone 3-hydroxylase, and flavonoid 3’-hydroxylase was seen in
all floral samples. There has been a proposition positing that
the absence of anthocyanin in white flowering cultivars cannot
be attributed to any obstruction in the manifestation of their

genetic expression [42]. Delphinidin, one of several types of
anthocyanidins, is made up of 40% of the total in the blue-tinged
petals of transgenic flowers. The delphinidin-based anthocyanins
are responsible for the production of violet/blue variants in
many flowering plant species, including roses, carnations, and
chrysanthemums. However, due to the absence of flavonoid 3',5'-
hydroxylase (F3'5'H), delphinidin-based anthocyanins biosyn-
thesis genes was downregulated [68]. Research on flower color
variation has proven to be more fruitful when using suppression
technology like RNAi, cosuppression, or antisensemediated
silencing [7]. The F3'5'H gene was used to induce delphinidin
accumulation in roses and other ornamental cultivars, changing
their color to violet or purple [69, 70]. Overexpression of PhF3'5'H
caused a color shift from pink to pale purple in the lilium [71,
72]. Putting the pansy F3'5'H gene under the control of a piece
of the rose chalcone synthase promoter led to a considerable
enhancement of delphinidin production in the transgenic
chrysanthemum petals [60]. Synchronized expression of PhF3'5'H
and HyDfr produced a deep purple hue, in contrast to individual
expression. This suggests a possible function for the HyDfr gene
in promoting the synthesis of delphinidin [72]. Intriguingly, the
insertion of the butterfly pea uridine diphosphate (UDP) glucose:
anthocyanin-3',5'-O-glucosyltransferase gene into chrysanthemum
resulted in the development of blue blossoms [73]. There is a gene,
CmCCD4a, which is highly specific to the white chrysanthemum
ray petal. This is a single dominant gene that prevents the
accumulation of carotenoids in flower petals [74]. From this,
we can deduce that white flowers’ lack of CmCCD4a causes the
breakdown of synthetic carotenoids into a colorless chemical.
With the help of homology analysis and functional classification,
researchers have found 84 candidate genes involved in pigment
biosynthesis. The transcriptome data also revealed the presence
of genes encoding transcription factors involved in the regulation
of specialized metabolism, including myb, erythroid-derived
factor, WD40 family member, WRKY, nuclear anchoring complex,
basic helix-loop-helix, and basic zipping factor [75]. Improved
pigment accumulation and induction of cyanidin synthesis were
two outcomes of GMYBI10 overexpression in transgenic gerbera
plants [76]. PAP1-transgenic roses, which have had the Arabidopsis
(PAP1) transcription factor introduced in Rosa hybrida, have
been shown to generate anthocyanin at a higher level and to
accumulate more eugenol compound [77]. In chrysanthemum,
CmMYB#7, an R3 MYB transcription factor CmMYB#/, regulates
anthocyanin biosynthesis by competing with CmMYB6, which,
along with CmbHLH2, is involved in anthocyanin synthesis
activation [78, 79]. Scientists also discovered that mitotically
heritable epigenetic changes (methylation and demethylation)
of CmMYB6 govern anthocyanin production in chrysanthemums
[78]. The overexpression of RcMYB1, a major transcription
factor belonging to the R2R3-MYB family, has been observed
to result in a notable increase in anthocyanin accumulation in
white rose petals [80].

Flower scent biosynthesis

The gene known as benzylalcohol acetyltransferase (BEAT) has the
potential to directly facilitate the production of benzyl acetate, a
prominent compound responsible for the flowery scent in P. mume
[81]. Furthermore, a total of 44 unique PmBEATSs were discovered in
P. mume through the analysis of genomic data obtained from both
P. mume and Prunus persica. It was observed that the overexpression
of either the PmBEAT36 or PMBEAT37 genes resulted in an increase
in benzyl acetate production inside the petal protoplasts of P.
mume, thereby leading to the generation of the distinctive floral
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fragrance [81]. Research has shown that the floral scent of Lilium
“Siberia” could be efficiently regulated by LibHLH22 and LibHLH63
[82]. To make the petals of lisianthus flowers fragrant, the Clarkia
breweri gene BEAT was introduced [83]. In petunia, CHORISMATE
MUTASE (PhCM1) gene has a crucial role in the biosynthesis of
benzenoids/phenylpropanoids (FVBP), which are responsible for
floral fragrance. These FVBP compounds have been found to
be reduced by approximately 60%-70% in petunias expressing
PhCM1RNAI [84]. Two terpene synthase genes responsible for flo-
ral scent synthesis in Lilium “Siberia” (LoTPS2 and LoTPS4) have
been cloned and functionally characterized in Arabidopsis [85].
The variety of other genes has been identified, which regulates
the floral scent biosynthesis in various commercially important
ornamental crops such as lily (LhODO1), rose (AADC, COMT, MYB1),
carnation (linalool synthase), pelargonium (TPS), petunia (BAHD,
EOB1), and dendrobium (DoTPS10) (Fig. 2).

Controlling dormancy

Dormancy break and cold-induced flowering in P. mume were
investigated at the molecular level by Zhao et al. [86]. Six
dormancy-associated MADS box (DAM) genes (PmDAMI1 to
PmDAMBS6) were discovered to have tandem repeats throughout the
genome. In bulbous crops such as lilium, the expression of certain
genes, known as DEGs, was observed to be influenced by low-
temperature settings. These DEGs are associated with antioxidant
activity, epigenetic modification, and transcription factors.
The aforementioned genes comprised an intricate regulatory
mechanism for the activation of dormancy [86]. The expression
levels of DAMs are regulated by the binding of C-repeat binding
factors (CBFs), which are genes associated with cold response.
This binding occurs specifically to the DRE/CRT (dehydration-
responsive element/C-repeat) cis-acting region present in the
promoters of DAMs. This study proposes a molecular regulatory
model elucidating the role of the PmDAM and PmCBF genes
in the regulation of flower bud dormancy and its release in
response to low-temperature signals. These studies reveal that
six PmCBFs and PmDAM4-694 work together to regulate cold-
induced dormancy, demonstrating a sense-response link between
these two types of genes [87]. It is well known that flowering and
vegetative growth in geophytes depend on bud dormancy. Several
investigations have confirmed the role of TF’s in regulating corm
dormancy [88, 89]. Cold storage represses ABA production and
signaling in Gladiolus hybridus promoting corm dormancy release
(CDR). In Gladiolus, GhNAC83 was identified as a transcription
factor that promotes ABA synthesis and inhibits CK biosynthesis
pathways, and its silencing promoted CDR [90]. Additionally, in
Gladiolus, a transcription factor GhBPC2 (BASIC PENTACYSTEINE?)
was identified that epigenetically regulated CDR [91].

Biotic stress resistance

Many ornamental plants now have a resistance to bacterial and
fungal infections, which can be attributed to the introduction of
genes encoding for chitinase, glucanase, osmotin, defensin, and
other proteins. Transgenic ornamental plants have been evalu-
ated and shown to be more resistant to biotic stressors than
their wild counterparts [92]. The introduction of a rice chitinase
gene increased the plant’s resistance to powdery mildew in roses
[93]. In D. grandiflorum cv. Shinba, three N-methyl transferase
genes (CaXMT1, CaMXMT1, and CaDXMT1) were introduced, which
resulted in a significant decrease in Botrytis cinerea infection [94].
Transgenic chrysanthemum with enhanced resistance to Septoria
leaf spot disease was also supported by chill [94]. Agrobacterium-
mediated transformation has been utilized to develop transgenic
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lillum lines, resulting in increased resistance to B. cinerea. This
resistanceis attributed to the ectopic expression of a rice chitinase
gene [95]. In comparison to their natural ancestors, transgenic
lillum plants that express OcID86 have a 75% reduction in the
parasitic impacts of Pratylenchus [96].

Increased resistance to aphids was observed in transgenic
chrysanthemums that overexpressed either the transcription fac-
tor CmWRKY4817 or the protease inhibitor [97]. Increased resis-
tance to Fusarium oxysporum was also seen in transgenic glad-
iolus plants that expressed the synthetic antimicrobial peptide
D4E1 [98]. Transgenic Ornithogalum plant tissues expressing the
antimicrobial peptide tachyplesin I showed a significant reduc-
tion in bacterial proliferation, colonization, and disease signs.
Incorporating the antimicrobial protein gene ace-AMP1 into R.
hybrida has increased the plant’s resistance to powdery mildew
[99]. T4 lysozyme, a class II chitinase, al, 3 glucanase, a type I
ribosome-inhibiting protein (RIP), and another antifungal gene
were all used to create transgenic roses with antifungal prop-
erties [44, 93]. Transplanting the rice chitinase gene in roses has
recently improved the plant’s resistance to powdery mildew [93].
Transposing the polygalacturonase-inhibiting protein (PGIP) gene
from P. mume into chrysanthemum increased its resistance to
the Alternaria leaf spot [100]. Many transgenic chrysanthemum
cultivars were created by Shinoyama et al. [101] by inserting a
mutated crylAb gene. The expression of the gene has shown
an insecticidal effect against tobacco budworms and common
cutworms (Spodoptera litura). In petunia, PhPDR?2 is the main factor
that controls the amount of petuniasterone in the leaves and
trichomes, which helps the plant survive herbivory [102]. The
development of resistance to Puccinia horiana Henn. in chrysanthe-
mum is facilitated by the WRKY15-1 gene through the activation
of the salicylic acid signaling system [103, 104]. The previous
study has also documented and demonstrated the modulation
of the immune system by the CmWRKY6-1-CmWRKY15-like cas-
cade response to F. oxysporum infection in chrysanthemum [105].
Another study conducted in chrysanthemum showed that in
response to aphid (Macrosiphoniella sanborni) feeding, CmMYB15-
like-Cm4CL2 regulates lignin formation and cell wall thickening in
chrysanthemum, thus increasing insect resistance in a Cm4CL2-
dependent way [106].

Abiotic stress resistance

Scientists study genetically modified ornamental plants in an
effort to boost their resilience toward abiotic stress. When sub-
jected to abiotic challenges, ornamental plants also react in a
variety of ways [107]. Rose species, for instance, are known to
be especially vulnerable to cold stress. The MtDREB1C gene from
Medicago was used to confer tolerance to freezing stress in R.
chinensis. The susceptibility to freezing stress in petunia plants
was found to be increased as a result of the silencing of PhADREBIF
or PhDREB1I through virus-induced gene silencing. In addition, the
downregulation of PADREBIF or PhDREBII resulted in a reduction
in the expression levels of PhZFP1 and PhGolS1-1 [108]. Drought
stress can be reduced by adjusting water loss and epidermal
morphology. CmNF-YBS8, a nuclear factor Y (NF-Y) B-type compo-
nent, affects chrysanthemum drought resistance through chang-
ing stomatal state and leaf cuticle thickness. CmNF-YB8-RNAI
transgenic chrysanthemum lines were more drought tolerant
than control lines, but CmNF-YB8-OX lines were less drought toler-
ant [109]. For the purpose of improving the chrysanthemum toler-
ance to salinity and water shortage, two constructs, 35S: DREB1A
and rd29A: DREB1A, were inserted into the genome. In comparison
to the 35S: DREB1A transgenic plants, the rd29A: DREB1A plants
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exhibited greater tolerance to both salt and drought [110]. The
constitutive gene expression of CcSOS1, which encodes plasma
Na+/H+ antiporter, improved the salt stress tolerance of chrysan-
themum [111]. Transgenic chrysanthemum plants overexpressing
CmWRKY17 (a transcription repressor) were more sensitive to
salt than their wild-type counterparts [97]. The bZIP transcription
factor has also shown its role in regulating genes responsible
for resistance against abiotic stresses like drought, salt, and low-
temperature stress. Researchers have demonstrated the role of
DgbZIP3 for the cold stress tolerance in chrysanthemum (C. mori-
folium Ramat.) [112]. The red-flowered variety of R. chinensis (Jacq.)
is highly preferred. However, in low temperatures, these roses lose
many of their shoots due to cold stress. This flower is thus not
economically or ecologically viable in cold climates. China rose
transgenics with the Medicago truncatula (Mt) DREB1C gene showed
improved freezing tolerance with no observable morphological or
developmental abnormalities [107].

Flowering time

Floral development is impossible without the MADS-box genes,
which regulate both flowering time and the growth of floral
organs [51, 52]. Exogenous LFY overexpression encourages early
flowering, as shown by Agrobacterium-mediated transformation
in Sinningia spp. [113]. In transgenic gloxinia plants, altering
mMIiRNA159 expression by either overexpressing or suppressing it
caused flowers to bloom either later or earlier than expected.
The up- or downregulation of SSGAMYB depends upon the
degree of miR159a expression during flowering. Therefore, it
was determined that miR159-mediated GAMYB expression also
plays a significant function in regulating the flowering time
of ornamentals [114]. The CsFTL3 gene (Flowering Locus T-
like paralog) in C. seticuspe has been discovered to function
as a photoperiodic flowering regulator [115]. An antiflorigen
gene from a wild C. seticuspe is largely induced in leaves under
noninductive conditions. Gain- and loss-of-function investi-
gations showed that CSAFT systematically inhibits flowering
and dominates the obligatory photoperiodic response [116].
The suppression of CmNF-YB8, a nuclear factor gene, in the
short day plant C. morifolium, leads to an accelerated shift from
the juvenile to adult phase, as well as premature flowering,
irrespective of the duration of daylight [117]. The transition
from vegetative to reproductive growth is most likely the most
critical developmental switch for a flowering plant. In summer-
flowering chrysanthemum, the BBX8-FT regulatory module is
an essential factor of reproductive development [118]. Research
using cold treatment in lily bulbs showed numerous potential
candidate genes involved in vernalization process [119, 120]. The
GSQUA?2 gene hastened the flowering process in gerbera [46].
Overexpression of GhSOC1 caused a little reduction in flower
individuality. The overexpression altered the petal shape and
size of the epidermis but had no effect on the ray flower's
blossoming time. Gh-SOC1 downregulation, on the other hand,
did not result in any appreciable phenotypic change in transgenic
plants [S50]. When compared to nontransformed Lisianthus spp.,
those that had OMADS1 inserted into their genome bloomed
much sooner and produced more flowers. FT (Blooming locus
T) is the primary integrator of several flowering genes that
respond to environmental cues like light, temperature, and
more [121]. Overexpression of the MADS-box (OMADSI1) gene
resulted in early flowering in transgenic orchids (Oncidium)
[122]. Increasing the expression of flowering genes such API,
Lfy, and SOC1, FT promotes early flowering among ornamental

(Fig. 2).

Postharvest quality

Several biotechnological approaches have been employed to
extend flower longevity. Promoting a rise in cytokinin levels is an
important way to delay plant senescence. Transforming petunia
flowers with the enzyme PSAG12-IPT, which catalyzes the first
step in the biosynthesis of cytokinins, resulted in an overproduc-
tion of cytokinins, which delayed flower senescence and reduced
the flowers’ sensitivity to the hormone ethylene [123]. In a study
conducted by Zakizadeh et al. [124], the researchers investigated
the effects of transforming the potted rose cultivar “Linda” using
Agrobacterium tumefaciens containing a PSAG12-ipt construct. The
results revealed that transgenic plants, when subjected to dark-
ness and treated with exogenous ethylene, exhibited a substantial
8-fold elevation in the expression levels of the ipt gene. The
targeted activation of the ipt gene has been observed to effectively
postpone the process of leaf senescence and improve the plant’s
ability to withstand the effects of externally applied ethylene.
Many ornamental plants have genes encoding essential enzymes
in the ethylene pathway inserted into them to prevent the ageing
process from occurring. Resistance to ethylene can be maintained
by inhibiting the genes responsible for ethylene biosynthesis,
resulting in a longer shelf life. The ethylene sensitivity in modified
chrysanthemums was diminished through the production of
a mutant ethylene receptor gene (mDG-ERS1s) [125]. Carnation
plants engineered to express an antisense ACC oxidase gene pro-
duced less ethylene, and their petals remained fresh for a longer
time [1126]. Furthermore, by turning off the ACO gene (involved
in ethylene synthesis), transgenic carnation plants with delayed
petal senescence have been reported [126]. ETR1 ethylene recep-
tors and EIN3 ethylene transcription factors are examples of ethy-
lene pathway components that are promising in this regard. In
1999, researchers developed transgenic carnations that contained
the etrl-1 gene from Arabidopsis [127]. Transgenic carnation flow-
ers had a 3-fold increase in vase life compared to the control. Mod-
ifying the ethylene receptor gene has been found effective in
extending the vase life of Oncidium and Odontoglossum [128]. Lignin
biosynthesis is a crucial process for stem mechanical strength
and postharvest quality of cut flower. The manipulation of genes
involved in the lignin synthesis pathway, namely, peroxidase
(POD), cinnamyl alcohol dehydrogenase (CAD), and cinnamoyl-
CoAreductase (CCR), resulted in a decrease in stem bending disor-
der observed in cut gerbera (Gerbera jamesonii) flowers [129]. Lignin
production in chrysanthemums is regulated by the unusual bHLH
protein CmHLB. When compared to the wild type, CmHLB overex-
pression in chrysanthemum dramatically increased mechanical
stem strength, cell wall thickness, and lignin content [130].

CRISPR/Cas technology

The CRISPR/Cas9 system, also known as the clustered regu-
larly interspaced short palindromic repeats/CRISPR-associated
protein 9, has gained significant popularity in the field of crop
development. This can be attributed to its user-friendly nature,
streamlined design, and enhanced efficacy in targeting both
single and multiple genes [131]. Among ornamentals, Lotus
japonicus was the primary plant to undergo genome editing
with CRISPR/Cas9 technology. Single and multiple gene mutant
plants were generated by targeting genes involved in symbiotic
nitrogen fixation, including symbiosis receptor-like kinase and
leghaemoglobin loci (LjLb1-3) [132]. The nodule-specific LjLb2
promoter has been demonstrated to be just as effective as the con-
stitutively active CaMV35S promoter for GE in nodules. Genome
editing was performed using a transgenic chrysanthemum that
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expresses a mutant version of the yellow-green fluorescent
protein (CpYGFP) gene [133]. Chrysanthemum genome editing
was proposed using the PcUbi as Cas9 promoter and AtU6 as
sgRNA promoter. In a recent study, a UV-visible reporter-assisted
CRISPR/Cas9 GE system has been developed for the alteration
of flowering time in Chrysanthemum indicum [134]. In order to
get rid of tanshinones from plants while reducing the impact
on other phenolic compounds, the diterpene synthase (SmCPS1)
gene responsible for tanshinone production was mutated using
CRISPR/Cas9 technology in Salvia miltiorrhiza [135]. This genetic
modification resulted in the emergence of chimeric mutants
exhibiting complete albinism, light-yellow pigmentation, and
albino-green pigmentation, following the editing of the PDS locus
in two lilium species. Petunias also exhibited an albino phenotype
after being transformed with a CRISPR/Cas9 construct that
eliminates the PDS gene [16]. Mutant lines of petunia PhACO1 that
were created by CRISPR/Cas9 editing bloomed for far longer than
their wild-type counterparts. The RhEIN2 gene, which encodes a
key ethylene signaling pathway component, was modified using
improved CRISPR/Cas9 technology. This genetic alteration made
roses ethylene insensitive [136]. Editing the Ipomoea nil carotenoid
cleavage dioxygenase (CCD) gene with CRISPR/Cas9 increased
petal carotenoid content [16]. Mutations in the flavanone 3-
hydroxylase (F3'H) gene caused frequent pale blue blooms in
gene-edited torenia plants [137]. CRISPR/Cas9-mediated genome
editing in T fournieri was employed to study how a RADIALIS-
like gene (TfRAD1) affects shape of petals, corolla uniformity, and
pigmentation pattern. Unnaturally shaped and colored flowers
were produced by gene-edited plants of torenia, which had loss-
of-function alleles (TfRAD1) [138]. Recent research has shown that
T. fournieri MADS-box mutants have an increased petal number.
The observed phenomenon in the double biallelic plants, wherein
stamens and carpels converted into petal-like structures, implies
an integrated and synergistic function of the two genes in the
development of reproductive organs. This is in contrast to the
sole knockout of the PLENA gene (TfPLE), which solely induced
morphological alterations in the carpels [54]. By employing two
different multiplexing techniques, researchers were able to knock
out three MADS genes in the orchid P. equestris that play important
roles in flower initiation and development [139]. Recently, in I. nil,
the EPHEMERAL1 (EPH1) gene has been successfully knocked out
using the CRISPR/Cas9 system. Flowers on T-DNA-free biallelic T1
mutant plants wilted later than those on wild-type plants [140].
The ACO1 gene, which codes for the ethylene-producing enzyme
1-aminocyclopropane-1-carboxylate oxidase, has been modified
using GE to produce mutant P. hybrida plants with longer vase life
[141]. CRISPR/Cas9-mediated genome editing reduced lignocellu-
lose in D. officinale by targeting C3H, C4H, 4-Coumarate: Coenzyme A
Ligase, CCR, and Irregular Xylem5 (IRX) genes [142]. Using CRISPR/-
Cas system, the PiSSK1 gene, which encodes the Skpl subunit of
the SCFSLF complex, was knocked out in Petunia inflata, a plant
known for its self-incompatibility [143]. Poinsettias that have
undergone targeted mutation of the flavonoid 3’-hydroxylase
gene using CRISPR/Cas9 have experienced a change in color
[144]. The CRISPR/Cas9 technology has the potential to alter
several traits in other ornamental varieties for a wide range of
applications.

Plant tissue culture and gene delivery
advances

Numerous studies on direct and indirect organogenesis, proto-
plast culture, somatic embryogenesis, protocorm development,
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micropropagation, and the effect of culture conditions on
ornamental plant species have been conducted successfully so
far [145-147]. The protoplast culture was carried out successfully
on orchids, lilies, roses, chrysanthemums, petunias, carnations,
coneflowers, and geraniums [148]. Somatic embryogenesis has
been documented in numerous ornamental plant species such
as roses, chrysanthemums, lilies, jasmine, lisianthus, carnations,
camellias, cineraria, coneflowers, clematis, cypress, cyclamen,
bellflower, passion flower, daisy, tulip, periwinkle, peony, and
anthurium [147-149]. The embryo rescue approach was utilized
to achieve interspecific hybridization and development of
haploids as well as double haploids for stress tolerance in
chrysanthemums, rose, tulip, lisianthus, lily, primula, cactus,
gentian, begonia, carnation, gypsophila, and cyclamen [150].
Through the process of somatic hybridization, various ben-
eficial traits such as high yield, disease, and abiotic stress
resistance have been enabled. Various ornamentals, including
roses, dendrobium, chrysanthemum, dianthus, iris, lily, petunia,
calibrachoa, hydrangea, cyclamen, coneflowers, and saintpaulia,
have been improved genetically by somatic hybridization [151].
According to a recent study, Cymbidium aloifolium exhibited the
quickest seed germination, protocorm growth, and plantlet
production in half Murashige and Skoog (MS) medium containing
6-benzylaminopurine [145]. For efficient bulb formation in tulips,
methyl jasmonate (MJ) has been utilized in combination with
other polyamines [152]. Chlorocholine chloride facilitated in vitro
regeneration in phalaenopsis orchids. The inclusion of chlorine
dioxide in the tissue culture media of chrysanthemum and
gerbera resulted in an observed enhancement in vitro shoot
and root regeneration, as reported in a study [147]. For orchids,
gerbera, chrysanthemums, anthuriums, heliconias, lilies, giant
protea, and hosta, the red LED was more effective for the callus
induction/proliferation, shoot, and root organogenesis. However,
far-red LED was effective for chrysanthemum plant development.
The synergistic effect of red and blue light spectrum resulted in
formation of protocorm-like bodies (PLBs) in phalaenopsis, and
in vitro generation in rose, chrysanthemum, gerbera, anthurium,
heliconia, peony, cymbidium, doritaenopsis, phalaenopsis, and
calanthe was compatible in the combined effect of red LED
and blue LED [147]. Blue LED stimulates shoot production in
D. officinale and Dendrobium kingianum cultures. The efficacy of
green LEDs in promoting in vitro regeneration was investigated
in dendrobium and cymbidium species. In the case of Dendrobium
okinawense, the exposure to green LED light resulted in production
of PLBs, particularly when the culture media contained p-
chlorophenoxyisobutyric acid. Both D. okinawense and Bletilla
ochracea cultures have also been reported to benefit from yellow
and orange LEDs for protocorm, shoot, plantlet regeneration,
seed germination, and rhizoid development [147]. The review
discussion on tissue culture in ornamental plants before the year
of 2006 has been highlighted by Rout et al. [153].

The transformation or particle bombardment is a frequent
method for delivering the desired gene into tissue-cultured
plantlets or callus/cells. However, tissue culture is a time-
consuming and expensive method that is required for genetic
alteration even for individuals that are amenable to it. Recently,
researchers have employed an easy approach referred to as the
cut-dip budding (CDB) method to successfully transform many
plant species, including herbaceous, tuberous, and woody plant
species, without relying on plant tissue culture approach [21].
Researchers at the University of Minnesota have developed a
new technique to create gene-edited plants without using tissue
culture [154]. In this approach, de novo meristem induction
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was stimulated to generate shoots that carry the edited genes
into future generations. The de novo induction of gene-edited
meristems promises to circumvent a bottleneck in plant GE
by eliminating the necessity for tissue culture. These possible
approaches hold great potential to speed up the genetic
engineering/GE process for developing new ornamental crops. The
different methods used for the transformation of plant species
with desired traits are represented in Fig. 3.

De novo domestication of wild ornamentals

The domestication of wild ornamental species is crucial for their
commercial exploitation [155]. The floriculture industry can be
benefited from the careful selection, cultivation, multiplication,
and commercial exploitation of some important wild species
with promising decorative value and resilience potential toward
stresses. Angelonia, eragrostis, gaura, diascia, meconopsis, scave-
ola, sutera, scoparia, etc. are a few important domesticated flori-
culture species. Genetic engineering and genetic manipulations
through induced mutation breeding accelerate the domestication
process. It can be utilized for quick improvement of target-
oriented wild/semiwild species for commercial exploitation to
fulfill the demand and necessity of new ornamentals. The
capacity to investigate the role of selection in domestication
and any crop development has been greatly enhanced by next-
generation sequencing. Reduced allelic diversity and dramatic
shifts in gene expression and observable phenotype are hall-
marks of domestication of the crop species we rely on. Future
ornamental crops tailored to different climates and soil types
can be developed through the domestication of wild species,
allowing farmers to cultivate more land for longer periods of time.
The recent progress in genetic engineering and the utilization

of CRISPR/Cas technology has facilitated the swift process of
domesticating wild plants de novo [156, 157]. The process of
de novo domestication possesses the capacity to use beneficial
traits exhibited by wild plants, thus circumventing the laborious
procedures of crossbreeding and selective breeding necessary for
conventional domestication, which relies on naturally occurring
genetic modifications. De novo domestication of the orphan
Solanaceae crop “groundcherry” (Physalis pruinosa) [158] and
wild tomato [159] has recently been demonstrated. However,
we know very little about the important genetic/epigenetic
processes in most wild ornamental plants (particularly polyploidy
species), which may differ significantly from those in well-
studied model plants. Therefore, there are still many obstacles
to overcome before the long-term goal of de novo domestication
of wild ornamentals can be achieved, such as determining the
genetic/epigenetic basis of desirable agronomic features in crops
and wild plants and incorporating functional genomic discoveries
with genome editing designs (Fig. 4).

New biotechnological innovations for
designing future ornamental plants
Ornamental plants with phytoremediation
potential

Indoor potted ornamental plants possess the ability to effectively
eliminate airborne contaminants, thus presenting a promising
ecological remedy for enhancing the quality of indoor air. Indoor
potted ornamental plants are capable of removing pollutants
from the air and serve as a potential green solution for the
improvement of indoor air quality. Several species of predomi-
nantly ornamental plants have been studied and screened for
their removal capability and efficiency toward air pollutants
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by targeting genes associated with flowering traits.

[160]. The biotechnological tools including genetic engineering
and molecular biology have immense potential to transform
or modify plants and microbes in concern of phytoremediation.
Presently, the researchers aim to work on the genetic modification
of common ornamental and houseplants for the improvement of
indoor air quality. In this context, for elimination of chloroform
and benzene from the indoor air, pothos ivy or devil’s ivy has
been modified by genetic engineering approach by the expression
of the Mammalian Cytochrome P450 2el gene [161]. In the present
era, engineered houseplants have the capability to degrade or
accumulate the air pollutants. Inspired by nature, scientists
focused on a protein called cytochrome P450 2e1, or 2el, which is
present in all mammals, including humans. The main function
of this enzyme 2e1, which is found in the liver of human, is the
conversion of benzene into phenol and chloroform into carbon
dioxide and chloride ions. Therefore, instead of human body,
researchers decided this reaction happens in plants, which is
an example of the “green liver”. The expression of the 2el protein
in plants can provide several advantages. Notably, this protein
enables plants to utilize carbon dioxide and chloride ions for
the synthesis of their food. Additionally, the presence of the 2el
protein facilitates the utilization of phenol in the formation of
the crucial components of plant cell walls. In addition, plants
can be used as sensors to effectively monitor the environment,
as they tend to absorb and sense various biotic/abiotic fluc-
tuations in their surroundings. Plants that can sense/detect
toxic chemicals, explosives, and environmental stresses have
been successfully developed. Strano and Giraldo employed
nanoparticles to improve plants’ photosynthesis and make them
act as sensors against nitric oxide (a by-product of combustion)
pollution.

Light-emitting plants for ornamental purpose

The development of light-emitting plants has been successfully
accomplished through the use of advanced technologies such as
genetic engineering and nanotechnology, all of which is covered
in the following sections.

Nanobionic plants

Imagine that when it becomes dark, rather than turning on a
lamp to read, you could use the light from a glowing plant that
is placed on your desk. Previous attempts to generate plants
that emit light focused on the genetic engineering of plants
with the luciferase genes. However, this is a time-consuming
process that only produces a very faint light as a result. These
investigations were carried out on tobacco plants and Arabidopsis
thaliana, both of which are model plants in the field of plant
genetic research. The approach that was created in Strano’s lab,
on the other hand, was applicable to any kind of plant, including
watercress, arugula, kale, and spinach so far. Utilizing a strat-
egy based on plant nanobionics, Kwak et al. [17] have made a
significant advancement toward turning that vision into a func-
tional reality. This new area of research aims to imbue plants with
novel properties by encasing them in a variety of nanoparticles
that interact with one another chemically. These nanoparticles
include p-luciferin releasing poly(lactic-co-glycolic acid) (PLGA-
LH,), coenzyme A functionalized chitosan (CS-CoA), semicon-
ductor nanocrystal phosphors, and firefly luciferase conjugated
silica (SNP-Luc). By using a technique known as pressurized bath
infusion of nanoparticles, a combination of nanoparticles can be
delivered to the stomata of a whole living watercress (Nasturtium
officinale) system. Particles that were designed to collect in the
extracellular space of the mesophyll and release luciferin and
coenzyme A were developed, while the smaller particles contain-
ing the luciferase enter the cells that make up the mesophyll of
the plant. The luciferin is gradually released from the PLGA parti-
cles, and it is then taken up by the plant cells, where the chemical
reaction that causes the luciferin to glow is carried out by the
luciferase enzyme. The initial efforts made by the researchers
resulted in plants that could emit light for approximately 45 min.
Since then, the researchers have enhanced this to 3.5 h. The
researchers have also shown that they are able to extinguish the
light by including nanoparticles that carry a luciferase inhibitor.
Because of this, they might one day be able to develop plants
that can turn off their light output in response to environmental
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factors such as exposure to sunshine. This technique might also
be utilized to offer low-intensity indoor illumination or to trans-
form ornamental plants into self-powered next-generation nat-
ural lights [17, 162]. The researchers anticipate that future iter-
ations of this technique will allow them to paint or spray the
nanoparticles onto plant leaves. This would make it possible to
convert trees and other ornamental plants into sources of natural
street lights (Fig. 5).

Autoluminescent plants

Nicotiana tabacum was the first plant with an autoluminescent
system, and few transgenic plants had bacterial luciferase-
luciferin pairs [163]. Due to limited light output, autoluminescent
plants designed to express a bacterial bioluminescence gene
cluster in plastids are not commonly used. In recent times, a
novel eukaryote luciferase-luciferin system derived from fungi
has been successfully incorporated into plant cells with the
purpose of generating light [18, 164]. Nicotiana tabacum and
Nicotiana benthamiana plants were created without external
substrate by inserting fungal bioluminescence genes into their
nuclear genomes. There is observable self-sustained luminosity
in tobacco plants with a fungus-based bioluminescence system
that converts caffeic acid into luciferin. Researchers have created
genetically engineered autonomously illuminating N. tabacum
plant by random-site genome integration of DNA cassettes
containing codon-optimized versions of four Neonothopanus nambi
bioluminescence gene(s) i.e., nnluz (luciferase), nnhisps (hispidin-
synthase), nnh3h (hispidin-3-hydroxylase), and nncph (caffeoyl-
pyruvate-hydrolase). This suggested that, unlike the bacterial
bioluminescence system, the caffeic acid cycle does not harm
plants or hinder growth. The naked eye could see light emission
at all phases of development, with the intensity of the emission
reaching its maximum in the blooms. They infused glowing plant

leaves with luciferin or its predecessors to find light-limiting
metabolites. After luciferin or hispidin injections, leaves exhibited
strong light immediately, while caffeic acid supplementation
produced lower intensity (Fig. 5). The fungi-based bioluminescent
system is one of the potential optical molecular tools for plants
due to its low cytotoxicity and high luminescent intensity [165].

Plants with fluorescence proteins or
nanolanterns

To make ornamental luminous plants popular, fluorescence or
bioluminescence should reach an adequate level of brightness.
It is possible to develop fluorescent plant species by integrating
the gene expression cassette of fluorescence proteins (FPs) into
the genome. For instance, CpYGFP, a fluorescent protein derived
from the sea plankton Chiridius poppei, can be activated at a laser
line of 509 nm, and the emission can be captured at a wavelength
of 517 nm, which is a red-shifted version of visible light [166].
Using an emission filter, it was possible to see green fluorescence
emanating from the blooms of ornamental plants that had been
genetically modified to include the CpYGFP gene. Additionally,
CpYGFP derivatives (eYGFP and eYGFPuv) have been expressed in
the flowers of a P. hybrida. The petunia flowers that were illu-
minated with visible and ultraviolet LEDs, respectively, generated
green fluorescence [167]. A great number of FPs sustain their fluo-
rescence stability in acidic circumstances. They stay very active in
the intracellular environment of higher plants, which is acidic and
has a pH range of about 4.5 to 7.2. Nanolanterns were implanted
into plant cells in order to achieve an increase in fluorescence.
Gene for green-enhanced nanolanterns was recently introduced
into A. thaliana, and it was discovered that these lanterns may
become brighter when excited by blue light. When the appropriate
substrate furimazine was introduced, a remarkable enhance-
ment of the luminescence occurred [168]. It has been observed
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that desiccated fluorescent flowers that were transplanted with
the CpYGFP gene kept shining for more than a year after being
embedded in fine-grained silica gels. This is due to the fact that
some FPs are able to create fluorescence without the presence
of water [169]. Glow-in-the-dark plants with luciferase-luciferin
bioluminescent systems could be able to fulfill the requirements
of this application.

Concluding remarks and future perspective

The present review reflects a wide range of studies per-
formed on traits improvement in ornamental plants using
both existing and advanced cutting-edge biotechnological
approaches. A wider range of colors, flowering time, scent, longer
vase life, male sterility, self-incompatibility, and resistance to
abiotic/biotic stress are crucial traits to be improved for
designing high-value ornamental plant species. By utilizing omics
approaches, genomic data, genetic engineering, and GE tools,
scientists have successively explored the underlying molecular
mechanism and potential gene(s) behind floral induction,
trait regulation, plant architecture, stress resistance, plasticity,
adaptation, and phytoremediation in ornamental crop species. In
this context, we have summarized up-to-date literature on genes
associated with important traits in ornamental plant species.
Using existing data, we reasonably say that introducing genetic
modifications into ornamental plants is a logical and profitable
idea from a scientific and economic standpoint. Moreover,
the introduction of robust GE technology like CRISPR/Cas has
considerable promise to facilitate the floriculture business
through targeted genetic changes. Although there are many ways
in which genetic engineering and genome editing might improve
ornamental crop traits, there are still certain challenges that
need to be overcome. Highly varied and genotype-dependent
responses, with numerous recalcitrant cultivars, and diminished
research efforts restrict the efficacy and usability of in vitro culture
methods in a variety of ornamental species. The effectiveness of
in vitro methods can be improved by optimizing various culture
parameters, but this is a time-consuming process with outcomes
that are often genotype dependent. Transformation methods that
do not rely on plant tissue culture, such as in planta transforma-
tion, the CDB approach, de novo meristem induction, and the use
of nanoparticle-mediated gene transfer, may circumvent these
constraints. But there are other major pitfalls in utilizing the
huge potential of GE technology for trait improvement among
ornamentals, such as lack of genome or transcriptome data, high
ploidy level, the complexity of the genome, and off-targeting. In
various important ornamental crops, genome sequence is not
available. The genomic resources are major prerequisite for the
designing complementary gRNA sequences to drive Cas nucleases
to the target location. Compared to other crops with simpler
genomes, ornamental plants frequently have less access to high-
quality genomic data since most ornamentals occur naturally
as polyploids, and polyploid genomes are more challenging to
sequence and annotate. Similar to polyploidy, heterozygosity is
common in the genomes of ornamental plants. This complicates
the use of genetic engineering and GE on such plants. Alleles
from sequenced plants may be introgressed into unsequenced or
unannotated ornamental plants to solve the heterozygosity issue
in breeding. Another major concern is the negative public percep-
tion for transgenic crops, which are generally subjected to various
domestic and international regulations. The gene editing have few
advantages over transgenic approaches technology as it modifies
endogenous genes within a plant and no foreign gene transfer
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is involved. Nevertheless, economic and legal constraints have
slowed the spread of commercialization of genetically modified
and gene edited crops in various nations, despite the promising
scientific future of transgenic and gene-edited crops. To minimize
this inconvenience, less stringent regulatory requirements for
ornamental plants and other non-food plants are needed. Estab-
lishing a realistic, product-based, worldwide regulatory strategy
is essential for accelerating the use of genetically modified and
genome-edited technologies for designing future ornamental
crops for commercial gains and boosting the economy.

Acknowledgments

The authors are grateful to the Director of CSIR-IHBT, Palampur
(HP), India, for providing necessary facilities during the study. The
authors also acknowledge the Council of Scientific and Indus-
trial Research (CSIR), Government of India, for providing funding
under the project “CSIR-Floriculture Mission (HCP-0037)". Vipasha
Verma sincerely acknowledges CSIR Scientist’s Pool Scheme (CSIR
SRA vide file no. 13(9237-A)/2023-POOL for providing financial
support. The CSIR-IHBT publication number for this manuscript
is 5260. The study is financially supported by the Council of
Scientific and Industrial Research (CSIR), Government of India,
under the “CSIR-Floriculture Mission (HCP-0037)".

Authors contribution

Mahinder Partap: conceptualization; methodology; writing—
original manuscript draft and figures preparation; writing—
review and editing. Vipasha Verma: conceptualization; methodol-
ogy; writing—original manuscript draft and figures preparation;
writing—review and editing. Meenakshi Thakur: conceptu-
alization; methodology; writing—original manuscript draft.
Bhavya Bhargava: conceived the concept; visualization; writing—
review and editing; supervision; funding acquisition; project
administration.

Data availability statements

There are no new data associated with this article.

Conflict of interest

The authors declare no competing interests.

Compliance with Ethics Requirements

This article does not contain any studies with human or animal
subjects.

References

1. Altman A, Shennan S, Odling-Smee J. Ornamental plant
domestication by aesthetics-driven human cultural niche con-
struction. Trends Plant Sci. 2022;27:124-38

2. Salachna P. Trends in ornamental plant production. Horticul-
turae. 2022;8:413

3. Mekapogu M, Kwon OK, Song HY et al. Towards the
improvement of ornamental attributes in chrysanthemum:
recent progress in biotechnological advances. Int J Mol Sci.
2022;23:12284

4. Gabellini S, Scaramuzzi S. Evolving consumption trends, mar-
keting strategies, and governance settings in ornamental hor-
ticulture: a grey literature review. Horticulturae. 2022;8:234

920z AInF 80 U0 1s9n6 AQ 8/2282.2/261PEUN/L L/0L/3[01E/1Y/W0d"dno"olwapese//:sd)y wolj papeojumoq



14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Horticulture Research, 2023, 10: uhad192

Zheng T, Li P, Li L et al. Research advances in and prospects of
ornamental plant genomics. Hortic Res. 2021;8:65

Tanaka Y, Brugliera F, Kalc G et al. Flower color modification
by engineering of the flavonoid biosynthetic pathway: practical
perspectives. Biosci Biotechnol Biochem. 2010;74:1760-9

Tanaka Y, Brugliera F. Flower colour and cytochromes P450.
Philos Trans R Soc Lond B Biol Sci. 2013;368:20120432

Boutigny AL, Dohin N, Pornin D et al. Overview and detectability
of the genetic modifications in ornamental plants. Hortic Res.
2020;7:11

Martina M, Acquadro A, Gulino D et al. First genetic maps
development and QTL mining in Ranunculus asiaticus L. through
ddRADseq. Front Plant Sci. 2022;13:1-0

Li X, Li P, Zheng T et al. Genomic insights into the important
ornamental and stress resistance traits of Prunus mume. Sci
Hortic. 2022;302:111179

Song C, Wang Y, Manzoor MA et al. In-depth analysis of
genomes and functional genomics of orchid using cutting-edge
high-throughput sequencing. Front Plant Sci. 2022;13:13

Azadi P, Bagheri H, Nalousi AM et al. Current status and
biotechnological advances in genetic engineering of ornamen-
tal plants. Biotechnol Adv. 2016;34:1073-90

Ahn CH, Ramya M, An HR et al. Progress and challenges in
the improvement of ornamental plants by genome editing. Plan
Theory. 2020;9:687

Karkute SG, Singh AK, Gupta OP et al. CRISPR/Cas9 mediated
genome engineering for improvement of horticultural crops.
Front Plant Sci. 2017;8:1635

Wu S, Tian P, Tan T. CRISPR-Cas13 technology portfolio and
alliance with other genetic tools. Biotechnol Adv. 2022;61:108047
Sirohi U, Kumar M, Sharma VR et al. CRISPR/Cas9 system: a
potential tool for genetic improvement in floricultural crops.
Mol Biotechnol. 2022;64:1303-18

Kwak SY, Giraldo JP, Wong MH et al. A nanobionic light-emitting
plant. Nano Lett. 2017;17:7951-61

Mitiouchkina T, Mishin AS, Somermeyer LG et al. Plants with
genetically encoded autoluminescence. Nat Biotechnol. 2020;38:
944-6

Yadav N, Garg VK, Chhillar AK et al. Recent advances in nan-
otechnology for the improvement of conventional agricultural
systems: a review. Plant Nano Biology. 2023;4:100032

Meher D, Samantara K, Behera A et al. Folk rice: genetic store-
house for biofortification: a review. Int J] Chem Stud. 2020;8:
1813-6

Cao X, Xie H, Song M et al. Cut-dip-budding delivery system
enables genetic modifications in plants without tissue culture.
Innovations. 2023;4:100345

Gasparini K, dos Reis M]J, Peres LE et al. De novo domestication
of wild species to create crops with increased resilience and
nutritional value. Curr Opin Plant Biol. 2021;60:102006

Zhang Q, Chen W, Sun L et al. The genome of Prunus mume. Nat
Commun. 2012;3:1318

Nowak MD, Russo G, Schlapbach R et al. The draft genome
of Primula veris yields insights into the molecular basis of
heterostyly. Genome Biol. 2015;16:1-7

Baek S, Choi K, Kim GB et al. Draft genome sequence of wild
Prunus yedoensis reveals massive inter-specific hybridization
between sympatric flowering cherries. Genome Biol. 2018;19:1-7
Chandran S, Muthu V, Subramani V et al. Disclosing the appli-
cations and prospects of whole genome sequencing in orna-
mental crops: a review. Plant Arch. 2023;23:167-73

Zhang J, Zhang Q, Cheng T et al. High-density genetic map
construction and identification of a locus controlling weeping

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

traitin an ornamental woody plant (Prunus mume Sieb. Et Zucc).
DNA Res. 2015;22:183-91

Yagi M. Recent progress in whole genome sequencing, high-
density linkage maps, and genomic databases of ornamental
plants. Breed Sci. 2018;68:62—70

Nakamura N, Hirakawa H, Sato S et al. Genome structure of Rosa
multiflora, a wild ancestor of cultivated roses. DNA Res. 2018;25:
113-21

Hibrand Saint-Oyant L, Ruttink T, Hamama L. et al. A high-
quality genome sequence of Rosa chinensis to elucidate orna-
mental traits. Nat Plants. 4:473-84

Ming R, VanBuren R, Liu Y et al. Genome of the long-living
sacred lotus (Nelumbo nucifera Gaertn.). Genome Biol. 2013;14:
1-1

Chao YT, Chen WC, Chen CY et al. Chromosome-level assembly,
genetic and physical mapping of Phalaenopsis aphrodite genome
provides new insights into species adaptation and resources for
orchid breeding. Plant Biotechnol J. 2018;16:2027-41

Yan L, Wang X, Liu H et al. The genome of Dendrobium officinale
illuminates the biology of the important traditional Chinese
orchid herb. Mol Plant. 2015;8:922-34

Zhang GQ, Xu Q, Bian C et al. The Dendrobium catenatum
Lindl. genome sequence provides insights into polysaccharide
synthase, floral development and adaptive evolution. Sci Rep.
2016;6:19029

Zhang GQ, Liu KW, Li Z et al. The Apostasia genome and the
evolution of orchids. Nature. 2017;549:379-83

Wang X, Gao Y, Wu X et al. High-quality evergreen azalea
genome reveals tandem duplication-facilitated low-altitude
adaptability and floral scent evolution. Plant Biotechnol J.
2021;19:2544-60

Song C, Liu Y, Song A et al. The Chrysanthemum nankingense
genome provides insights into the evolution and diversification
of chrysanthemum flowers and medicinal traits. Mol Plant.
2018;11:1482-91

Hirakawa H, Sumitomo K, Hisamatsu T et al. De novo whole-
genome assembly in Chrysanthemum seticuspe, a model species
of chrysanthemums, and its application to genetic and gene
discovery analysis. DNA Res. 2019;26:195-203

Song A, Su J, Wang H et al. Analyses of a chromosome-scale
genome assembly reveal the origin and evolution of cultivated
chrysanthemum. Nat Commun. 2023;14:2021

Badouin H, Gouzy J, Grassa CJ et al. The sunflower genome
provides insights into oil metabolism, flowering and Asterid
evolution. Nature. 2017;546:148-52

Petty LM, Harberd NP, Carré IA et al. Expression of the Arabidop-
sis gai gene under its own promoter causes a reduction in plant
height in chrysanthemum by attenuation of the gibberellin
response. Plant Sci. 2003;164:175-82

Noman A, Ageel M, Deng]J et al. Biotechnological advancements
for improving floral attributes in ornamental plants. Front Plant
Sci. 2017,8:524

Litken H, Laura M, Borghi C et al. Expression of KxhKN4 and
KxhKNS genes in Kalanchoe blossfeldiana ‘Molly’ results in novel
compact plant phenotypes: towards a cisgenesis alternative to
growth retardants. Plant Cell Rep. 2011;30:2267-79
Kishi-Kaboshi M, Aida R, Sasaki K. Genome engineering in
ornamental plants: current status and future prospects. Plant
Physiol Biochem. 2018;131:47-52

Ishak A, Dong L, Rong H et al. Isolation and functional analysis
of the regulation of branching by isopentenyl transferase gene
CmIPT1 in Chrysanthemum morifolium cv. ‘Jinba’. Am. ] Mol Biol.
2018;08:92-101

920z AInF 80 U0 1s9n6 AQ 8/2282.2/261PEUN/L L/0L/3[01E/1Y/W0d"dno"olwapese//:sd)y wolj papeojumoq



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Ruokolainen S, Ng YP, Broholm SK et al. Characteriza-
tion of SQUAMOSA-like genes in Gerbera hybrida, includ-
ing one involved in reproductive transition. BMC Plant Biol.
2010;10:1-1

Xie Q, Chen G, Liu Q et al. Dual silencing of DmCPD and
DmGA200x genes generates a novel miniature and delayed-
flowering Dendranthema morifolium variety. Mol Breed. 2015;35:
1-3

Wen C, Zhao Q, Nie] et al. Physiological controls of chrysanthe-
mum DgD27 gene expression in regulation of shoot branching.
Plant Cell Rep. 2016;35:1053-70

Zhang C, Wei L, Wang W et al. Identification, characterization
and functional analysis of AGAMOUS subfamily genes asso-
ciated with floral organs and seed development in Marigold
(Tagetes erecta). BMC Plant Biol. 2020;20:1-7

Ruokolainen S, Ng YP, Albert VA et al. Over-expression of the
Gerbera hybrida at-SOC1-likel gene Gh-SOC1 leads to floral
organ identity deterioration. Ann Bot. 2011;107:1491-9

Tzeng TY, Chen HY, Yang CH. Ectopic expression of carpel-
specific MADS box genes from lily and lisianthus causes similar
homeotic conversion of sepal and petal in Arabidopsis. Plant
Physiol. 2002;130:1827-36

Chen MK, Lin IC, Yang CH. Functional analysis of three lily
(Lilium longiflorum) APETALA1-like MADS box genes in regulat-
ing floral transition and formation. Plant Cell Physiol. 2008;49:
704-17

Casanova E, Zuker A, Trillas MI et al. The rolC gene in carnation
exhibits cytokinin-and auxin-like activities. Sci Hortic. 2003;97:
321-31

Sasaki K, Ohtsubo N. Production of multi-petaled Torenia
fournieri flowers by functional disruption of two class-C MADS-
box genes. Planta. 2020;251:1-6

Ren G, Li L, Patra B et al. GhTCP7 suppresses petal expansion
by interacting with the WIP-type zinc finger protein GhWIP2 in
Gerbera hybrida. ] Exp Bot. 2023;74:4093-109

Yuan C, Huang D, Yang Y et al. CmCYC2-like transcription
factors may interact with each other or bind to the promoter
to regulate floral symmetry development in Chrysanthemum
morifolium. Plant Mol Biol. 2020;103:159-71

Liu H, Sun M, Pan H et al. Two Cyc2CL transcripts (Cyc2CL-
1 and Cyc2CL-2) may play key roles in the petal and stamen
development of ray florets in chrysanthemum. BMC Plant Biol.
2021;21:1-5

Shen CZ, Chen J, Zhang CJ et al. Dysfunction of CYC2g
is responsible for the evolutionary shift from radiate to
disciform flowerheads in the chrysanthemum group (Aster-
aceae: anthemideae). Plant J. 2021;106:1024-38

Wang J, Guan Y, Ding L et al. The CmTCP20 gene regulates
petal elongation growth in Chrysanthemum morifolium. Plant Sci.
2019;280:248-57

Liu H, Sun M, Du D et al. Whole-transcriptome analysis of
differentially expressed genes in the ray florets and disc florets
of Chrysanthemum morifolium. Genomics. 2016;17:1-7

Ding L, Zhao K, Zhang X et al. Comprehensive characterization
of a floral mutant reveals the mechanism of hooked petal
morphogenesis in Chrysanthemum morifolium. Plant Biotechnol J.
2019;17:2325-40

Colquhoun TA, Kim JY, Wedde AE et al. PhAMYB4 fine-tunes the
floral volatile signature of petunia x hybrida through PhC4H. ]
Exp Bot. 2011;62:1133-43

Shinoyama H, Sano T, Saito M et al. Induction of male steril-
ity in transgenic chrysanthemums (Chrysanthemum morifolium
Ramat.) by expression of a mutated ethylene receptor gene,

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Partapetal. | 15

cm-ETR1/H69A, and the stability of this sterility at varying
growth temperatures. Mol Breed. 2012;29:285-95

Zhao Y, Broholm SK, Wang F et al. TCP and MADS-box tran-
scription factor networks regulate heteromorphic flower type
identity in Gerbera hybrida. Plant Physiol. 2020;184:1455-68
Sawettalake N, Bunnag S, Wang Y et al. DOAPI promotes flow-
ering in the orchid Dendrobium Chao Praya Smile. Front Plant
Sci. 2017,8:400

Sumitomo K, Nakano Y, Hisamatsu T et al. Delayed flowering
due to ‘cold memory’ is regulated by suppression of FLOWER-
ING LOCUS T-like 3 gene in chrysanthemums. ] Hortic Sci Biotech.
2023;98:334-41

Sasaki K, Yamaguchi H, Kasajima I et al. Generation of novel
floral traits using a combination of floral organ-specific pro-
moters and a chimeric repressor in Torenia fournieri Lind. Plant
Cell Physiol. 2016;57:1319-31

Ishiguro K, Taniguchi M, Tanaka Y. Functional analysis of Antir-
rhinum kelloggii flavonoid 3’-hydroxylase and flavonoid 3',5'-
hydroxylase genes; critical role in flower color and evolution
in the genus Antirrhinum. J Plant Res. 2012;125:451-6
Katsumoto Y, Fukuchi-Mizutani M, Fukui Y et al. Engineering
of the rose flavonoid biosynthetic pathway successfully gen-
erated blue-hued flowers accumulating delphinidin. Plant Cell
Physiol. 2007;48:1589-600

Xu J, Shin JY, Park PM et al. Flower color modification through
co-overexpression of the VtF3’5' H and RhNHX genes in Rosa
hybrida. Plant Cell Tiss Org Cult. 2023;153:403-16

Mori S, Kobayashi H, Hoshi Y et al. Heterologous expression
of the flavonoid 3',5-hydroxylase gene of Vinca major alters
flower color in transgenic Petunia hybrida. Plant Cell Rep. 2004;22:
415-21

Qi Y, Lou Q, Quan Y et al. Flower-specific expression of the
Phalaenopsis flavonoid 3',5'-hydoxylase modifies flower color
pigmentation in Petunia and Lilium. Plant Cell Tiss Org Cult.
2013;115:263-73

Mekapogu M, Vasamsetti BM, Kwon OK et al. Anthocyanins in
floral colors: biosynthesis and regulation in chrysanthemum
flowers. Int ] Mol Sci. 2020;21:6537

Yoshioka S, Aida R, Yamamizo C et al. The carotenoid cleavage
dioxygenase 4 (CmCCD4a) gene family encodes a key regu-
lator of petal color mutation in chrysanthemum. Euphytica.
2012;184:377-87

Qin L, Du F, Yang N et al. Transcriptome analyses revealed
the key metabolic genes and transcription factors involved in
terpenoid biosynthesis in sacred lotus. Molecules. 2022;27:4599
Zhong C, Tang Y, Pang B et al. The R2R3-MYB transcription
factor GhMYB1la regulates flavonol and anthocyanin accumus-
lation in Gerbera hybrida. Hortic Res. 2020;7:7

Zvi MM, Shklarman E, Masci T et al. PAP1 transcription factor
enhances production of phenylpropanoid and terpenoid scent
compounds in rose flowers. New Phytol. 2012;195:335-45

Hong Y, Tang X, Huang H et al. Transcriptomic analyses
reveal species-specific light-induced anthocyanin biosynthesis
in chrysanthemum. Genomics. 2015;16:1-8

Xiang L, Liu X, Li H et al. CmMYB# 7, an R3 MYB transcription
factor, acts as a negative regulator of anthocyanin biosynthesis
in chrysanthemum. J Exp Bot. 2019;70:3111-23

He G, Zhang R, Jiang S et al. The MYB transcription factor
RcMYBI1 plays a central role in rose anthocyanin biosynthesis.
Hortic Res. 2023;10:uhad080

Bao F, Ding A, Zhang T et al. Expansion of PmBEAT genes in
the Prunus mume genome induces characteristic floral scent
production. Hortic Res. 2019;6:6

920z AInF 80 U0 1s9n6 AQ 8/2282.2/261PEUN/L L/0L/3[01E/1Y/W0d"dno"olwapese//:sd)y wolj papeojumoq



16

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Horticulture Research, 2023, 10: uhad192

Feng Y, Guo Z, Zhong J et al. The LibHLH22 and LibHLH63
from Lilium ‘Siberia’ can positively regulate volatile terpenoid
biosynthesis. Horticulturae. 2023;9:459

Aranovich D, Lewinsohn E, Zaccai M. Post-harvest enhance-
ment of aroma in transgenic lisianthus (Eustoma grandiflo-
rum) using the Clarkia breweri benzyl alcohol acetyltransferase
(BEAT) gene. Postharvest Biol Technol. 2007;43:255-60
Colquhoun TA, Schimmel BC,Kim JY et al. A petunia chorismate
mutase specialized for the production of floral volatiles. Plant
J.2010;61:145-55

Zhang T, Guo Y, Shi X et al. Overexpression of LiTPS2 from a
cultivar of lily (Lilium ‘Siberia’) enhances the monoterpenoids
content in tobacco flowers. Plant Physiol Biochem. 2020;151:
391-9

Zhao K, Zhou Y, Ahmad S et al. Comprehensive cloning of
Prunus mume dormancy associated MADS-box genes and their
response in flower bud development and dormancy. Front Plant
Sci. 2018:9:17

Sasaki R, Yamane H, Ooka T et al. Functional and expressional
analyses of PmDAM genes associated with endodormancy in
Japanese apricot. Plant Physiol. 2011;157:485-97

Wu J, Wu W, Liang J et al. GhTCP19 transcription factor regu-
lates corm dormancy release by repressing GANCED expression
in gladiolus. Plant Cell Physiol. 2019a;60:52-62

Liang JH, Li JR, Liu C et al. GhbZIP24-GhCCCH17 module accel-
erates corm dormancy release by reducing endogenous ABA
under cold storage in Gladiolus. Plant Cell Environ. 2023;46:
2078-96

Wu J, Jin Y, Liu C et al. GhNAC83 inhibits corm dormancy
release by regulating ABA signaling and cytokinin biosynthesis
in Gladiolus hybridus.J Exp Bot. 2019b;70:1221-37

LiJ, Pan W, Liang J et al. BASIC PENTACYSTEINE? fine-tunes
corm dormancy release in Gladiolus. Plant Physiol. 2023;191:
2489-505

Teixeira da Silva JA, Shinoyama H, Aida R et al. Chrysanthe-
mum biotechnology: quo vadis? Crit Rev Plant Sci. 2013;32:
21-52

Marchant R, Davey MR, Lucas JA et al. Expression of a chitinase
transgene in rose (Rosa hybrida L.) reduces development of
blackspot disease (Diplocarpon rosae Wolf). Mol Breed. 1998;4:
187-94

Kim YS, Lim S, Yoda H et al. Simultaneous activation of
salicylate production and fungal resistance in transgenic
chrysanthemum producing caffeine. Plant Signal Behav. 2011;6:
409-12

de Céceres N, Gonzalez FF, Davey MR et al. Conferred resistance
to Botrytis cinerea in Lilium by overexpression of the RCH10
chitinase gene. Plant Cell Rep. 2015;34:1201-9

Vieira P, Wantoch S, Lilley CJ et al. Expression of a cystatin
transgene can confer resistance to root lesion nematodes in
Lilium longiflorum cv. ‘Nellie White’. Transgenic Res. 2015;24:
421-32

Li P, Song A, Gao C et al. Chrysanthemum WRKY gene
CmWRKY17 negatively regulates salt stress tolerance in trans-
genic chrysanthemum and Arabidopsis plants. Plant Cell Rep.
2015;34:1365-78

KamoK, Lakshman D, Bauchan G et al. Expression of a synthetic
antimicrobial peptide, D4E1, in Gladiolus plants for resistance
to Fusarium oxysporum f. sp. gladioli. Plant Cell Tiss Org Cult.
2015;121:459-67

LiX, Gasic K,Cammue B et al. Transgenic rose lines harboring an
antimicrobial protein gene, ace-AMP1, demonstrate enhanced

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

resistance to powdery mildew (Sphaerotheca pannosa). Planta.
2003;218:226-32

Yu M, Liu Z, Chen S et al. Expression of P. mume PGIP gene
in transgenic Dendranthema morifolium increased tolerance to
disease resistance. Acta Bot Sin. 2010;24:1111-6

Shinoyama H, Aida R, Ichikawa H et al. Genetic engineering of
chrysanthemum (Chrysanthemum morifolium): current progress
and perspectives. Plant Biotechnol J. 2012;29:323-37

Sasse ], Schlegel M, Borghi L et al. Petunia hybrida PDR2 is
involved in herbivore defense by controlling steroidal contents
in trichomes. Plant Cell Environ. 2016;39:2725-39

Miao W, Xiao X, Wang Y et al. CmWRKY6-1-CmWRKY15-like
transcriptional cascade negatively regulates the resistance to
Fusarium oxysporum infection in Chrysanthemum morifolium. Hor-
tic Res. 2023;10:uhad101

Bi M, Li X, Yan X et al. Chrysanthemum WRKY15-1 promotes
resistance to Puccinia horiana Henn. via the salicylic acid signal-
ing pathway. Hortic Res. 2021;8:8

Miao W, Yang Y, Wu M et al. Potential pathways and genes
expressed in chrysanthemum in response to early Fusarium
oxysporum infection. BMC Plant Biol. 2023;23:312

Li F, Zhang Y, Tian C et al. Molecular module of CmMYB15-
like-Cm4CL2 regulating lignin biosynthesis of chrysanthe-
mum (Chrysanthemum morifolium) in response to aphid (Macrosi-
phoniella sanborni) feeding. New Phytol. 2023;237:1776-93

Chen JR, Lu JJ, Liu R et al. DREB1C from Medicago truncatula
enhances freezing tolerance in transgenic M. truncatula and
China Rose (Rosa chinensis Jacq.). Plant Growth Regul. 2010;60:
199-211

Zhang H, Wu J, Zhang W et al. PhDREB1-PhZFP1-PhGolS1-1 regu-
lator cascade contribute to cold tolerance by mediating galacti-
nol and raffinose accumulation in petunia. Environ Exp Bot.
2023;213:105416

Wang T, Wei Q, Wang Z et al. CmNF-YB8 affects drought
resistance in chrysanthemum by altering stomatal status and
leaf cuticle thickness. J Integr Plant Biol. 2022;64:741-55

Hong B, Tong Z, Ma N et al. Heterologous expression of the
AtDREBIA gene in chrysanthemum increases drought and salt
stress tolerance. Sci China Life Sci. 2006;49:436-45

An J, Song A, Guan Z et al. The over-expression of Chrysan-
themum crassum CcSOS1 improves the salinity tolerance of
chrysanthemum. Mol Biol Rep. 2014;41:4155-62

Bai H, Liao X, Li X et al. DgbZIP3 interacts with DgbZIP2 to
increase the expression of DgPOD for cold stress tolerance in
chrysanthemum. Hortic Res. 2022;9:uhac105

Zhang MZ, Ye D, Wang LL et al. Overexpression of the cucumber
LEAFY homolog CFL and hormone treatments alter flower
development in gloxinia (Sinningia speciosa). Plant Mol Biol.
2008;67:419-27

Li X, Bian H, Song D et al. Flowering time control in ornamental
gloxinia (Sinningia speciosa) by manipulation of miR159 expres-
sion. Ann Bot. 2013;111:791-9

Oda A, Narumi T, Li T et al. CsFTL3, a chrysanthemum FLOW-
ERING LOCUS T-like gene, is a key regulator of photoperiodic
flowering in chrysanthemums. ] Exp Bot. 2012;63:1461-77
Higuchi Y, Narumi T, Oda A et al. The gated induction system
of a systemic floral inhibitor, antiflorigen, determines obligate
short-day flowering in chrysanthemums. Proc Natl Acad Sci U S
A.2013;110:17137-42

Wei Q, Ma C, Xu Y et al. Control of chrysanthemum flower-
ing through integration with an aging pathway. Nat Commun.
2017;8:829

920z AInF 80 U0 1s9n6 AQ 8/2282.2/261PEUN/L L/0L/3[01E/1Y/W0d"dno"olwapese//:sd)y wolj papeojumoq



118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Wang L, Sun J, Ren L et al. CmBBX8 accelerates flowering by
targeting CmFTL1 directly in summer chrysanthemum. Plant
Biotechnol J. 2020;18:1562-72

Huang J, Liu X, Wang J et al. Transcriptomic analysis of Asiatic
lily in the process of vernalization via RNA-seq. Mol Biol Rep.
2014;41:3839-52

Villacorta-Martin C, de Caceres N, Gonzalez FF et al. Whole
transcriptome profiling of the vernalization process in Lil-
ium longiflorum (cultivar White Heaven) bulbs. BMC Genomics.
2015;16:1-6

Nakano Y, Kawashima H, Kinoshita T et al. Characterization of
FLC, SOC1 and FT homologs in Eustoma grandiflorum: effects of
vernalization and post-vernalization conditions on flowering
and gene expression. Physiol Plant. 2011;141:383-93
Thiruvengadam M, Yang CH. Ectopic expression of two MADS
box genes from orchid (Oncidium Gower Ramsey) and lily
(Lilium longiflorum) alters flower transition and formation in
Eustoma grandiflorum. Plant Cell Rep. 2009;28:1463-73

Chang H, Jones ML, Banowetz GM et al. Overproduction of
cytokinins in petunia flowers transformed with PSAG12-IPT
delays corolla senescence and decreases sensitivity to ethy-
lene. Plant Physiol. 2003;132:2174-83

Zakizadeh H, Lutken H, Sriskandarajah S et al. Transformation
of miniature potted rose (Rosa hybrida cv. Linda) with P SAG12-
ipt gene delays leaf senescence and enhances resistance to
exogenous ethylene. Plant Cell Rep. 2013;32:195-205

Satoh S, Watanabe M, Chisaka K et al. Suppressed leaf senes-
cence in chrysanthemum transformed with a mutated ethy-
lene receptor gene mDG-ERS1 (etr1-4).] Plant Biol. 2008;51:424—7
Wang T, Sun Z, Wang S et al. DcCWRKY33 promotes petal
senescence in carnation (Dianthus caryophyllus L.) by activating
genes involved in the biosynthesis of ethylene and abscisic acid
and accumulation of reactive oxygen species. Plant J. 2023;113:
698-715

Matas AJ, Gapper NE, Chung MY et al. Biology and genetic
engineering of fruit maturation for enhanced quality and shelf-
life. Curr Opin Biotechnol. 2009;20:197-203

Raffeiner B, Serek M, Winkelmann T. Agrobacterium tumefaciens-
mediated transformation of Oncidium and Odontoglossum orchid
species with the ethylene receptor mutant gene etrl-1. Plant
Cell Tiss Org Cult. 2009;98:125-34

Hamedan HJ, Sohani MM, Aalami A et al. Genetic engineering of
lignin biosynthesis pathway improved stem bending disorder
in cut gerbera (Gerbera jamesonii) flowers. Sci Hortic. 2019;245:
274-9

Zhao W, Ding L, Liu J et al. Regulation of lignin biosynthesis by
an atypical bHLH protein CmHLB in chrysanthemum. J Exp Bot.
2022;73:2403-19

Verma V,Kumar A, Partap M et al. CRISPR-Cas: a robust technol-
ogy for enhancing consumer-preferred commercial traits. Front
Plant Sci. 2023;14:219

Wang L, Wang L, Tan Q et al. Efficient inactivation of symbiotic
nitrogen fixation related genes in Lotus japonicus using CRISPR-
Cas9. Front Plant Sci. 2016;7:1333

Kishi-Kaboshi M, Aida R, Sasaki K. Generation of gene-edited
Chrysanthemum morifolium using multicopy transgenes as tar-
gets and markers. Plant Cell Physiol. 2017;58:216-26

Liu L, Xue Y, Luo J et al. Developing a UV-visible reporter-
assisted CRISPR/Cas9 gene editing system to alter flower-
ing time in Chrysanthemum indicum. Plant Biotechnol J. 2023;21:
1519-21

LiB, Cui G, Shen G et al. Targeted mutagenesis in the medicinal
plant Salvia miltiorrhiza. Sci Rep. 2017;7:1-9

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Partapetal. | 17

Wang C, Li Y, Wang N et al. An efficient CRISPR/Cas9 platform
for targeted genome editing in rose (Rosa hybrida). J Integr Plant
Biol. 2023;65:895-9

Hoshino A, Morita Y, Choi JD et al. Spontaneous mutations of
the flavonoid 3’-hydroxylase gene conferring reddish flowers
in the three morning glory species. Plant Cell Physiol. 2003;44:
990-1001

Su S, Xiao W, Guo W et al. The CYCLOIDEA-RADIALIS module
regulates petal shape and pigmentation, leading to bilateral
corolla symmetry in Torenia fournieri (Linderniaceae). New Phy-
tol. 2017;215:1582-93

Tong CG, Wu FH, Yuan YH et al. High-efficiency CRISPR/Cas-
based editing of Phalaenopsis orchid MADS genes. Plant Biotechnol
J.2020;18:889-91

Shibuya K, Watanabe K, Ono M. CRISPR/Cas9-mediated
mutagenesis of the EPHEMERAL1 locus that regulates petal
senescence in Japanese morning glory. Plant Physiol Biochem.
2018;131:53-7

Xu J, Kang BC, Naing AH et al. CRISPR/Cas9-mediated
editing of 1-aminocyclopropane-1-carboxylate oxidasel
enhances petunia flower longevity. Plant Biotechnol J. 2020;18:
287-97

Kui L, Chen H, Zhang W et al. Building a genetic manipulation
tool box for orchid biology: identification of constitutive pro-
moters and application of CRISPR/Cas9 in the orchid, Dendro-
bium officinale. Front Plant Sci. 2017;7:2036

Sun L, Kao TH. CRISPR/Cas9-mediated knockout of PiSSK1
reveals essential role of S-locus F-box protein-containing SCF
complexes in recognition of non-self S-RNases during cross-
compatible pollination in self-incompatible Petunia inflata.
Plant Reprod. 2018;31:129-43

Nitarska D, Boehm R, Debener T et al. First genome edited
poinsettias: targeted mutagenesis of flavonoid 3'-hydroxylase
using CRISPR/Cas9 results in a colour shift. Plant Cell Tiss Org
Cult. 2021;147:49-60

Kumar A, Chauhan S, Rattan S et al. In vitro propagation and
phyto-chemical assessment of Cymbidium aloifolium (L.) Sw.:
an orchid of pharma-horticultural importance. S Afr ] Bot.
2022;144:261-9

Verma V, Kumar A, Priti S et al. Meta-Topolin mediated
in vitro propagation in an ornamentally important crop
iris x hollandica tub. cv. professor Blaauw and genetic fidelity
studies using SCoT markers. Plant Cell Tiss Org Cult. 2022;151:
681-94

Mehbub H, Akter A, Akter M et al. Tissue culture in orna-
mentals: cultivation factors, propagation techniques, and its
application. Plan Theory. 2022;11:3208

Naing AH, Adedeji OS, Kim CK. Protoplast technology in orna-
mental plants: current progress and potential applications on
genetic improvement. Sci Hortic. 2021;283:110043

Mujib A, editor. Somatic Embryogenesis in Ornamentals
and Its Applications. New Delhi, India: Springer. 2016;267:
1-267

Cheng X, Chen S, Chen F et al. Interspecific hybrids between
Dendranthema morifolium (Ramat.) Kitamura and D. nankingense
(Nakai) Tzvel. achieved using ovary rescue and their cold toler-
ance characteristics. Euphytica. 2010;172:101-8

Nakano M, Mii M. Somatic hybridization between Dianthus
chinensis and D. barbatus through protoplast fusion. Theor Appl
Genet. 1993:86:1-5

Podwyszynska M, Kosson R, Treder J. Polyamines and methyl
jasmonate in bulb formation of in vitro propagated tulips. Plant
Cell Tiss Org Cult. 2015;123:591-605

920z AInF 80 U0 1s9n6 AQ 8/2282.2/261PEUN/L L/0L/3[01E/1Y/W0d"dno"olwapese//:sd)y wolj papeojumoq



18

153.

154.

155.

156.

157.

158.

159.

160.

161.

Horticulture Research, 2023, 10: uhad192

Rout GR, Mohapatra A, Jain SM. Tissue culture of ornamental
pot plant: a critical review on present scenario and future
prospects. Biotechnol Adv. 2006;24:531-60

Maher MF, Nasti RA, Vollbrecht M et al. Plant gene editing
through de novo induction of meristems. Nat Biotechnol. 2020;38:
84-9

Waiganjo M, Kamau E, Gikaara DN et al. Domestication of
indigenous ornamentals and the crop production challenges
in Mobydick, Asclepias sp. in Kenya. Acta Hortic. 2009;813:79-86
Taagen E, Bogdanove AJ, Sorrells ME. Counting on crossovers:
controlled recombination for plant breeding. Trends Plant Sci.
2020;25:455-65

Nasti RA, Voytas DF. Attaining the promise of plant gene editing
at scale. Proc Natl Acad Sci U S A. 2021;118:e2004846117
Lemmon ZH, Reem NT, Dalrymple J et al. Rapid improvement
of domestication traits in an orphan crop by genome editing.
Nat Plants. 2018;4:766-70

Zs0gon A, Cermék T, Naves ER et al. De novo domestication
of wild tomato using genome editing. Nat Biotechnol. 2018;36:
1211-6

Bhargava B, Malhotra S, Chandel A et al. Mitigation of indoor air
pollutants using Areca palm potted plants in real-life settings.
Environ Sci Pollut Res. 2021;28:8898-906

Zhang L, Routsong R, Strand SE. Greatly enhanced removal
of volatile organic carcinogens by a genetically modified
houseplant, pothos ivy (Epipremnum aureum) expressing the

162.

163.

164.

165.

166.

167.

168.

169.

mammalian cytochrome P450 2el gene. Environ Sci Technol.
2019;53:325-31

Li B, Chen R, Zhu C et al. Glowing plants can light up the night
sky? A review. Biotechnol Bioeng. 2021;118:3706-15

Ow DW, Wood KV, DeLuca M et al. Transient and stable expres-
sion of the firefly luciferase gene in plant cells and transgenic
plants. Science. 1986;234:856-9

Khakhar A, Starker CG, Chamness JC et al. Building customiz-
able auto-luminescent luciferase-based reporters in plants.
Elife. 2020;9:e52786

Reuter DN, Stewart CN Jr, Lenaghan SC. Lighting the way:
advances in engineering autoluminescent plants. Trends Plant
Sci. 2020;25:1176-9

Mocz G. Fluorescent proteins and their use in marine bio-
sciences, biotechnology, and proteomics. Marine Biotechnol.
2007;9:245-28

Chin DP, Shiratori I, Shimizu A et al. Generation of brilliant
green fluorescent petunia plants by using a new and potent
fluorescent protein transgene. Sci Rep. 2018;8:1-0

Furuhata'Y, Sakai A, Murakami T et al. Bioluminescent imaging
of Arabidopsis thaliana using an enhanced nano-lantern lumi-
nescence reporter system. PLoS One. 2020;15:0227477

Sasaki K, Kato K, Mishima H et al. Generation of fluorescent
flowers exhibiting strong fluorescence by combination of fluo-
rescent protein from marine plankton and recent genetic tools
in Torenia fournieri Lind. Plant Biotechnol. 2014;31:309-18

920z AInF 80 U0 1s9n6 AQ 8/2282.2/261PEUN/L L/0L/3[01E/1Y/W0d"dno"olwapese//:sd)y wolj papeojumoq



	 Designing of future ornamental crops: a biotechnological driven perspective
	 Introduction
	 Genome sequencing
	 Candidate genes associated with important ornamental traits
	 CRISPR/Cas technology
	 Plant tissue culture and gene delivery advances
	 De novo domestication of wild ornamentals
	 New biotechnological innovations for designing future ornamental plants
	 Concluding remarks and future perspective
	 Acknowledgments
	 Authors contribution
	 Data availability statements
	 Conflict of interest
	 Compliance with Ethics Requirements


