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Ornamental horticulture is an important branch of horticulture addressed to grow
and market plants or cut flowers used for decorative purposes and landscape design.
Accordingly, the ornamental industry appears to be segmented and diversified. Moreover,
the industry should meet the fast-changing needs of consumers, and, in consideration of the
aesthetic value of its final product, the achievement of high-quality standards is mandatory.

In 2021, the flower and ornamental plants market was globally estimated at about
27 billion USD, and the sector is forecast to increase its value more than one and a half
times by 2029 (source: Global Flowers and Ornamental Plants Market—Industry Trends
and Forecast to 2029 Report; https://www.databridgemarketresearch.com/reports/global-
flowers-and-ornamental-plants-market, accessed on 7 June 2024). The European market
has a great impact on the ornamental industry and represents about 47% of the global
market. The ornamental industry is fast changing; new producer and consumer countries
are entering the global market [1], and consequently, in the coming years, the ornamental
market and the dynamics of trade at an international level could be modified.

Several factors are driving this industry, linked to the increasing demand for cut flow-
ers and ornamental plants used for floral arrangement gardening and landscaping. On one
side, the expected increase in demand can be related to the increases in urban consumers,
a greater spending capacity, and the growing population of retiring and elderly people.
On the other side, technological advancements and innovative approaches enhanced the
number of high-standard products and efficient crop management.

Therefore, the question is whether the ornamental industry can satisfy this request
and, at the same time, maintain high standards of innovation and quality, an essential
prerequisite of this sector. Indeed, several challenges must be overcome to satisfy the
market trend for innovative, sustainable, and eco-friendly products and to enhance product
quality and efficiency. In this light, the major issues the ornamental sector must meet are
related to the following:

- Limited resources availability in term of natural resources, as well as labor and capital
to maintain the operations required for crop management.

- Climate change, which can greatly affect the plant growth and health.
- Necessity to implement sustainable and effective methods for pest and disease man-

agement, minimizing the use of chemicals and enhancing an environmentally friendly
approach.

- Diversification of supply through products meeting the criteria of innovation and
sustainability in a broad sense (environmental, economic, and social).

- Marketing and distribution optimization.

Breeding is a key step in the obtention of new and performant cultivars, and through
the classical methods (selection, hybridization, and mutation breeding), new flower colors
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and shapes and new cultivars resistant to biotic and abiotic stresses have been introduced
into the ornamental industry [2]. However, conventional breeding of ornamentals can
be a long and costly process; modern methods, including in vitro techniques and/or
genomic tools, can represent a valuable aid to speed up and make the breeding process
more efficient [3]. In recent years, the novel tools of genomics, nanotechnology, and gene
editing have been shown to be useful in developing new traits of flowers to meet the
current requirements of the global market [4,5]. However, although advancements in
breeding strategies plays a pivotal role, a new product can reach the market only if efficient
systems for propagation, cultivation, and marketing are put into action. The ornamental
industry has been constantly improved thanks to the availability of new propagation
and cultivation systems, which enable the production of uniform and high-quality plant
material. Innovative technologies are needed to reduce production costs and satisfy the
need for more efficient and sustainable cultivation [6]. In addition, to face the global
production, the ornamental sector could benefit from new networking and new logistics,
which can bring innovation from the individual farm level to the system level [7].

This Special Issue (SI) was addressed to present the advancement in the ornamental
sector, considering the entire productive flow from breeding to marketing. In more detail,
this SI wanted to focus on the innovative approaches that can meet the above-mentioned
challenges in the present ornamental industry. In total, 20 papers, of which 3 are review
papers and 17 are scientific papers, were gathered in this SI.

Contributions (1, 2) addressed molecular aspects, (9, 11, 14) breeding, (5, 8, 16) propa-
gation, (4, 13, 17) growth regulators, (6, 12) physiology, (3, 7, 10, 15) production, and (18, 19,
20) literature review.

Contribution 1 looked to determine the role of the PEBP gene family in Cymbidium
species. Researchers mapped multiple PEBP genes to the chromosomes of C. ensifolium,
C. sinense, and C. goeringii. In addition, the physiochemical characteristics of the protein
encoded by 40 PEBP genes were analyzed in Cymbidium, Phalaenopsis, and Arabidopsis
using a phylogenetic tree. The results indicated that PEBP genes play a role in growth and
development, flowering, vegetative and reproductive growth, and root development.

Contribution 2 aimed to add to the understanding of molecular mechanisms regulating
lily (Lilium sp.) stem bulblet formation as a result of hormonal regulation. Researchers
used RNA sequencing in lily ‘Aladdin’ to characterize the transcriptional response of 6-BA.
The results indicated that sucrose and genes associated with auxin and cytokinin transport
signaling aid in triggering bulblet formation, emergence, and growth.

Contribution 3 investigated a way to cultivate potted chrysanthemums suitable for
outdoor production in Northern China. Researchers investigated different substrates,
water, and fertilizer ratios to reduce cost and improve efficiency. The results indicated that
a combination of coir, peat moss, perlite, and pine needle mulch for the substrate, along
with 336 mg/L nitrogen, 93 mg/L−1 phosphorus, and 273 mg/L−1 potassium for nutrient
fertility and 40% water capacity, reduced production by 16%.

Contribution 4 examined the effects of growth regulators on cyclamen ‘Halios F1
Salmon Rose’ to correct stem elongation due to low light conditions from February to
March in Eastern Europe. Researchers applied daminozide, paclobutrazol, gibberellic
acid, and benzyladenine. The results indicated that daminozide and paclobutrazol did
control plant elongation, while GA3 and GA4+7 + BAP increased the number of flower
buds, number of flowers, and inflorescence diameter.

Contribution 5 focused on developing an efficient micropropagation protocol using a
new bioreactor system (SETIS™) and biostimulant, IQ Forte, on Monstera deliciosa Liebm
‘Thai Constellation’. Researchers studied three different immersion durations and aeration
frequencies using the bioreactor plus semi-solid medium as a control and IQ Forte at three
different rates plus a control. The results indicated that bioreactor treatments improved
multiplication rates, while the biostimulant did not improve growth during acclimation.

Contribution 6 identified peony (Paeonia lactiflora Pall.) cultivars with strong pho-
tosynthetic productivity using a portable photosynthesis machine. Researchers evalu-
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ated 20 different cultivars for photosynthetic rate, stomatal conductance, intracellular car-
bon dioxide concentration, and transpiration rate. The results indicated that ‘Xueyuan-
honghua’, ‘Qingwen’, ‘Taihuafeixue’, ‘Chifen’, and ‘Qihualushuang’ all had high photosyn-
thetic productivity.

Contribution 7 evaluated extending the economic productivity of Amaryllis belladonna
L. as a specialty cut flower and potted plant. Researchers put bulbs into six different warm
(23 ◦C) storage regimes over different weekly intervals. The results indicated that warm
temperature storage affected flower production, flowering time, and quality attributes,
with 8–12 weeks of warm bulb storage being recommended.

Contribution 8 wanted to introduce efficient propagation methods for Dactylorhiza
umberosa and Epipactis veratifolia, which are endangered orchid species. Researchers ex-
plored the effects of different light spectrums, explant types, wounding, and plant growth
regulators on direct somatic embryogenesis. The results indicated that wounding the
protocorm, adding 3 mg/L−1 of TDZ, and white light for D. umberosa and red light for
E. veratrifolia increased production by 94% and 99%, respectively.

Contribution 9 aimed to improve the success of interspecific hybridization in hardy
geranium (Geranium sp.). Researchers made crosses among 42 different genotypes and
studied pollen tube growth, seed development, seed set, and parental differences. The
results showed that interspecific hybridization can be predicted by parental distance and
logistic regression models, which can predict the number of crosses needed to achieve
10 successful products.

Contribution 10 assessed if biostimulants could help mitigate drought stress under
continuous or periodic irrigation deficits on container-grown Hydrangea paniculata. Re-
searchers used seaweed extracts (Ascophyllum nodosum, Soliera chordalis, Ecklonia maxima,
and Saccharina latissimi) and a microbial biostimulant. The results found that biostimulants
had limited effects, but A. nodosum accelerated flowering and E. maxima reduced branching
under repeated drying and wet cycles.

Contribution 11 looked at the genetic diversity of Ilex germplasm for breeding pur-
poses. Researchers determined the genome size, chromosome number, and genetic finger-
prints of mostly I. crenata accessions. The results indicated wide intra- and interspecific
genetic diversity among accessions that will be useful to ornamental breeding programs
looking to develop newly improved hybrids.

Contribution 12 determined the morphological, physiological, anatomical, and bio-
chemical responses of zinnia (Zinnia sp.) to salinity stress. Researchers used Z. elegans
Jacq. ‘Zinnita Scarlet’ (sensitive) and Z. marylandica D.m. Spooner et al. ‘Double Zhara Fire
Improved’ under salt concentrations ranging from 1–200 mM NaCl at intervals of 50 mM
NaCl. The results showed that ‘Zinnita Scarlet’ had high Na content, high ion leakage,
slow stomatal closure, reduced photosynthetic pigments, and decreased stomatal number
under salt stress, while ‘Double Zhara Fire Improved’ showed quicker stomatal closure,
early proline synthesis, maintained photosynthetic pigments, and had low ion leakage.

Contribution 13 analyzed the effects of thidiazuron (TDZ) on the flowering and phys-
iological metabolism of potted Dendrobium nobile. Researchers applied 0, 200, 500, and
1000 mg/L−1 concentrations to the plant roots. The results found that TDZ greatly influ-
enced flowering and increased relative membrane permeability with 500 mg/L−1, leading
to the greatest amount of flowering and highest quality morphological flower features.

Contribution 14 clarified how parental pigment composition and content influence
flower color separation in Asiatic hybrid lilies (Lilium sp.). Researchers made crosses among
‘Easy Waltz’, ‘Red Life’, ‘Tresor’, and ‘Pearl Loraine’, which have different pigment com-
positions and contents. The results revealed that carotenoid content was highly heritable,
generally leading to orange offspring, while parents with varying levels of carotenoids and
anthocyanins produced more extensive color segregation progeny.

Contribution 15 established case studies using RGB visual imagery from a UAV
to assist in the breeding and selection of nursery plants. Researchers used sweet box
(Sarcococca Lindl.) and garden rose (Rosa L.) to compare UAV-based measurements to on-
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ground measurements. The results showed that plant architecture, flowering, and disease
resistance can be assessed faster and more objectively using UAV imaging.

Contribution 16 found that air-layering could be a new technique for tree peony
(Paeonia suffruticosa Andr.) propagation. Researchers used tree peony cultivars ‘Baoqing
Hong’, Quehao’, and ‘Xishi’ and looked at propagation during mid-May, June, and July,
along with different rates of NAA and IBA plant growth regulators. The results indicated
that the rooting rate was greatest when air-laying was performed in mid-June, while the
type and concentration of growth regulators used were cultivar-dependent.

Contribution 17 studied the plant defense-related hormone responses of jasmonic
acid and salicylic acid to broad mite presence on azalea (Rhododendron simsii Planch.).
Researchers looked at both short-term and long-term responses to artificial and natural
infestations. The results indicated that the primary plant response to broad mite feeding is
through the jasmonic pathway but later switches to the salicylic acid pathway, and variation
in broad mite susceptibility occurs within azalea germplasm.

Contribution 18 reviewed the literature on tissue culture methods for propagating
bulb-type geophytes. Researchers pooled the literature to explain the history, economy,
techniques, and stages of micropropagation, challenges, and opportunities for geophyte
tissue culture production. Findings indicate that tissue culture techniques are an important
propagation method for geophytes and that future advances in protocols may require
insight from multiple disciplines or artificial intelligence.

Contribution 19 reviewed the literature on how plant genetic considerations can
contribute to urban planning. Researchers discussed recent genomic sources, defining
urban areas, the role of genetics in plant sustainability and adaptability, and the services
different genetic traits provide for urban environments and the human population. Findings
indicate that identification of genetic resources for urban spaces is fundamental for future
breeding programs to develop plants with resilient traits.

Contribution 20 reviewed the literature on emerging and evolving consumption trends,
marketing strategies, and governance settings of the ornamental plant market. Researchers
reviewed integrated data sources and the structured grey literature. Finding outlined the
European ornamental market and the need for public and private stakeholder collaboration
to advance research for greater social and environmental goals.

As a general comment, we would like to highlight that the contributions of this SI came
from a wide geographical area (China, Romania, the United States, South Africa, Nigeria,
Iran, Belgium, Turkey, and Italy) and covered a diverse range of research in the field of
the ornamental industry. This highlights the relevance of this SI by presenting different
methodologies and case studies that testify to the richness of the research in the ornamental
field. In addition, this SI wanted to consider the research related to the entire productive
flow, allowing the reader to find a wide overview of the challenges and opportunities in
the ornamental sector. We hope that the reader finds inspiration for further research in the
worldwide ornamental industry.

Author Contributions: Writing, review, and editing, M.B., E.D. and B.D. All authors have read and
agreed to the published version of the manuscript.
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Abstract: The PEBP gene family is involved in many biological processes in plants, including plant
growth and development, flowering regulation, light response, and abiotic stress response. But
there is little information about the role of the PEBP gene family in Cymbidium species. In this
study, we identified 11, 9, and 7 PEBP genes in C. ensifolium, C. sinense, and C. goeringii, respectively,
and mapped them to the chromosomes. We also studied the physicochemical characteristics of
the proteins encoded by these PEBPs and analyzed their intra-species collinearity, gene structure,
conserved motifs, and cis-acting elements. Furthermore, a total of forty PEBP genes from C. sinense,
C. ensifolium, C. goeringii, Phalaenopsis, and Arabidopsis were divided into three clades based on the
phylogenetic tree. The expression patterns of 11 PEBP genes in different tissues and organs of
C. ensifolium were analyzed based on transcriptome data, indicating that the CePEBPs might play
an important role in the growth and development, especially in the flower bud organs (1–5 mm).
CePEBP5 plays an indispensable role in both the vegetative and reproductive growth cycles of
C. ensifolium. CePEBP1 is essential for root development, while CePEBP1, CePEBP3, CePEBP5, and
CePEBP10 regulate the growth and development of different floral organ tissues at various stages.
The findings of this study can do a great deal to understand the roles of the PEBP gene family
in Cymbidium.

Keywords: PEBP gene family; gene family analysis; expression pattern; Cymbidium species

1. Introduction

Phosphatidylethanolamine-binding proteins (PEBPs) contain a conserved PEBP struc-
tural domain and exhibit a strong affinity for phosphatidylethanolamine [1]. They play an
important role in regulating flowering, seed development, and germination in plants [1–4].
The PEBP gene family can be divided into three clades in angiosperms: MOTHER OF FT
AND TFL1-like (MFT-like), FLOWERING LOCUS T-like (FT-like), and TERMINAL FLOWER-
ING 1-like (TFL1-like) [5]. FT-like and TFL1-like genes are reported only in gymnosperms
and angiosperms, whereas MFT-like genes can be traced back to the origin of land plants.
Therefore, MFT-like genes are the common ancestor of FT-like and TFL1-like genes [4–6].

Despite the high degree of sequence similarity between members of the PEBP gene
family, their functions are not identical. MFT-like genes play an important role in the
regulation of the development, germination, and dormancy of seeds [7–9]. It has been
demonstrated that the regulation of flowering time and morphogenesis can be controlled
by most members of the FT-like gene and TFL1-like genes [10]. The proteins encoded by
FT-like genes act as flowering promoters in plants [8,11,12]. In Arabidopsis thaliana, FT acts
as a floral signal transducer, moving from leaves, passing through the phloem to the shoot
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apical meristem, and binding to Floring Locus D (FD) proteins. It promotes the expression
of downstream flowering-related genes (such as AP1), thereby regulating the flowering
process in plants. The TFL1 subfamily consists of TFL1, CENTRORADIALIS (CEN), and
BROTHER OF FT AND TFL1 (BFT). TFL1-like genes have high sequence similarity to
FT-like genes, but they have opposite functions. They inhibit flowering by binding to
the bZIP-type transcription factor FD and maintain the infinite growth of inflorescence
meristematic tissue [13–17]. There is 60% homology in the amino acid sequences between
FT and TFL1, but only a few amino acids need to be changed to convert FT from a floral
promoter to TFL1, a floral repressor. This is mainly due to inconsistencies in two key amino
acid sites, Tyr85 in FT and His88 in TFL1 [18,19]. In addition, the 14 amino acid fragment
LGRQTVYAPGWRQN and the triplet LYN in exon 4 of FT/TFL1-like also play important
roles in the opposite function of FT/TFL1-like [20].

C. ensifolium, C. goeringii, and C. sinense are the most significant ornamental orchids
because of their beautiful and unique flowers. They have a long history of cultivation and
are loved by consumers in China [21]. The PEBP gene family has not yet been systematically
analyzed by bioinformatics, although some members have been identified and studied
in Cymbidium. Given the considerable role of PEBP genes in regulating plant flowering,
seed development, and germination, this study utilized bioinformatics methods to perform
genome-wide identification of three Cymbidium species in Orchidaceae. In this study, we
identified twenty-seven members of the PEBP gene family in three Cymbidium species, deter-
mined their chromosomal localization, constructed phylogenetic trees, and analyzed the gene
structure, conserved motifs, and cis-acting element types. Additionally, we analyzed 11 mem-
bers of the CePEBP genes in different tissues of C. ensifolium. Our findings further elucidate
the functions of PEBP genes in the flowering and vegetative development of three Cymbidium
species and provide suggestions for improvement and the creation of new varieties.

2. Materials and Methods

2.1. Data Sources

The genome sequences and annotation information of C. ensifolium, C. goeringii, and
C. sinense were retrieved from their whole-genome sequencing data [22–24]. The protein
sequence of PEBP gene family of A. thaliana was retrieved from the Arabidopsis Infor-
mation Resource (TAIR, https://www.arabidopsis.org/, accessed on 20 August 2023).
The Phalaenopsis ‘Little Gem Stripes’ data (PhFT1 (Peq009747), PhFT2 (Peq006920), PhFT3
(Peq017805), PhFT4 (Peq012163), PhFT5 (Peq006349), PhFT6 (Peq009750), and PhMFT
(Peq004653)) were downloaded from National Center for Biotechnology Information (NCBI,
https://www.ncbi.nlm.nih.gov/, accessed on 20 August 2023) [25].

2.2. Identification and Physicochemical Properties of PEBP Genes from Three Cymbidium Species

The conserved domain of PEBP (PF01161) was downloaded from Pfam. Using the BLAST
and Simple HMM Search functions of TBtools (version 1.132). The PEBP family members of
three Cymbidium species were identified from the genome databases [26,27]. The screening
parameter had an E-value lower than 1 × 10−5. Then, NCBI CD-Search (https://www.ncbi.
nlm.nih.gov/Structure/cdd/wrpsb.cgi, accessed on 20 August 2023) [28–30] and SMART
(http://smart.embl.de/, accessed on 20 August 2023) [31] websites were used to analyze
the structure of candidate PEBP proteins and eliminate incomplete and redundant protein
sequences. The PEBP genes were named and classified according to the naming rules of
A. thaliana. Finally, the ExPASy website (https://www.expasy.org/, accessed on 20 August
2023) was used to calculate the amino acid (aa), isoelectric point (pI), molecular weight
(MW), grand average hydrophilicity (GRAVY), instability index (II), and lipid index (AI) of
the PEBP proteins [32,33].

2.3. Phylogenetic Analysis of PEBP Genes

The protein sequences of 7 PEBPs from C. goeringii, 11 PEBPs from C. ensifolium, 9 PEBPs
from C. sinense, 6 PEBPs from A. thaliana, and 7 PEBPs from Phalaenopsis ‘Little Gem Stripes’ were
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imported in MEGA 7.0 software [34]. A total of 40 protein sequences were aligned using the
MUSCLE program with default parameters. The phylogenetic tree of PEBPs was constructed
based on maximum likelihood (ML), with Bootstrap parameters set to 1000 and partial deletion
to 75% [34]. For better visualization, the phylogenetic tree was processed using the online
software iTOL 6.8.2 (https://itol.embl.de/itol.cgi, accessed on 20 August 2023) [35].

2.4. Chromosome Distribution and Collinear Correlation of PEBP Genes in Three Cymbidium Species

The visualization and analysis of chromosomal localization of PEBP genes in
three Cymbidium were conducted using Tbtools software, utilizing the genome and
annotation files of C. ensifolium, C. goeringii, and C. sinense. In addition, the genomic data
of the three Cymbidium species were analyzed in collinearity analysis using the One-Step
MCScanx program in Tbtools [27]. In Tbtools, the replication patterns of three Cymbidium
species were visualized using Advance Circos [27].

2.5. Gene Structure and Conserved Motif Analysis of PEBP Gene

The conserved domains of the PEBP genes of three Cymbidium species were pre-
dicted using the CDD website (https://www.ncbi.nlm.nih.gov/cdd, accessed on 20 August
2023) [29,30], and the motifs of these PEBP genes were analyzed using the MEME website
(https://meme-suite.org/meme/tools/meme, accessed on 20 August 2023) [36]. Ten motifs
were followed, and the other was the default value.

2.6. Sequence Analysis of PEBP Gene Promoter

The sequence of 2000 bp upstream of the transcription start site was extracted using
Tbtools as the promoter sequence of the PEBP genes in three Cymbidium species [26,27].
Additionally, potential cis-acting elements on the promoter sequences were predicted us-
ing PlantCARE website (https://bioinformatics.psb.ugent.be/webtools/plantcare/html/,
accessed on 20 August 2023) [37]. Then, the prediction results were classified and analyzed
using Excel 2019 and Tbtools software.

2.7. Expression Pattern and qRT-PCR Analysis

The expression patterns of 11 CePEBP genes were analyzed to investigate the potential
impact of PEBP genes across different organs of C. ensifolium. The sampled organs for investi-
gation included the root, leaf, buds of various sizes (1–5 mm, 6–10 mm, and 11–15 mm), petal,
lip, sepal, pedicel, and gynostemium. Three biological replicates were analyzed, each of which
was a pooled sample from five plants. We conducted transcriptome analysis on all ten samples,
calculating the fragments per kilobase of transcript per million mapped reads (FPKM) [22]. The
heatmap showed the patterns of expression using TBtools (version 1.132) [27].

Quantitative real-time PCR (qRT-PCR) was used to further analyze the expression
patterns of the CePEBPs. The root, leaf, buds of various sizes (1–5 mm, 6–10 mm, and
11–15 mm), petals, lip, sepal, pedicel, and gynostemium at blooming period were sampled
from C. ensifolium ‘Longyansu’ planted at the Fujian Agriculture and Forestry University.
Primer Premier 5.0 software was used to design primers. The details of the primers and
reference genes are listed in Supplementary Table S3. Total RNA was extracted by the
TIANGEN DP441 Reagent Kit (Tiangen, Beijing, China). A HiScript III 1st Strand cDNA
Synthesis Kit (+gDNA wiper; Vazyme, Nanjing, China) was used to reverse-transcribe
RNA to cDNA. Based on the Taq Pro Universal SYBR qPCR Master Mix kit (Vazyme,
Nanjing, China), the ABI 7500 Real-Time System (Applied Biosystems, Foster City, CA,
USA) was used to analyze the RT-qPCR. Finally, the 2−ΔΔCT method was used to calculate
the expression level [26,33,38].

3. Results

3.1. Identification and Sequence Analysis of PEBP Genes in Three Cymbidium Species

The basic information and physicochemical properties of the PEBP genes for
three Cymbidium species are shown in Table 1. A total of 11, 9, and 7 PEBP genes were
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found in C. ensifolium, C. sinense, and C. goeringii, respectively. Based on the sequential
distribution on chromosomes, these 27 PEBP genes were named CePEBP1-11, CsPEBP1-9,
and CgPEBP1-7, respectively. A sequence analysis of the encoded proteins showed that
the physicochemical properties of amino acids, isoelectric point, molecular weight, grand
average of hydropathicity, aliphatic index, and instability index of the PEBP genes in three
Cymbidium species differed significantly (Table 1). The deduced protein length (AA) of
PEBP genes ranged from 66 (CgPEBP3) to 379 (CsPEBP9) amino acids. The isoelectric
point (pI) values of the 27 PEBP genes in Cymbidium ranged from 5.13 (CgPEBP1) to
10.75 (CgPEBP3). Among them, 6 PEBP proteins had an acidic pI below seven, while
the 21 PEBP proteins with a pI higher than seven were alkaline. The grand average of
hydropathicity (GRAVY) values of PEBP genes were ranged from −0.577 (CgPEBP3)
to −0.118 (CePEBP2), with all GRAVY values of less than 0, indicating that they were
hydrophilic. The molecular weight (Mw) ranged from 7806.99 kD (CgPEBP3) to 42330.61
kD (CsPEBP9), with the aliphatic index (AI) between 66.52 (CgPEBP3) and 89.15 (CePEBP4).
The maximum instability index (II) value was 58.26 (CePEBP2), and the minimum value
was 30.19 (CgPEBP4).

Table 1. PEBP gene family protein properties table from three Cymbidium species.

Gene Name Gene ID
Protein

Length (AA)
Isoelectric
Point (pI)

Molecular
Weight (Mw)

Grand Average of
Hydropathicity

(GRAVY)

Aliphatic
Index (AI)

Instability
Index (II)

CePEBP1 JL006795 176 6.42 19,848.39 −0.311 80.74 43.37
CePEBP2 JL020923 173 7.74 19,256.21 −0.118 83.29 58.26
CePEBP3 JL010014 173 9.06 19,607.53 −0.202 82.14 45.42
CePEBP4 JL026838 189 6.73 21,260.35 −0.151 89.15 46.08
CePEBP5 JL020421 174 6.42 19,926.58 −0.355 75.52 35.95
CePEBP6 JL027939 101 5.62 10,995.31 −0.265 73.27 41.88
CePEBP7 JL002228 174 9.03 19,523.09 −0.375 77.82 48.29
CePEBP8 JL001165 177 9.18 20,180.03 −0.227 83.11 45.55
CePEBP9 JL013430 178 8.48 20,082.78 −0.39 74.44 42.64
CePEBP10 JL027407 112 5.27 12,308.11 −0.14 86.88 52.12
CePEBP11 JL028740 183 6.12 20,580.41 −0.248 81.97 48.35
CgPEBP1 GL13937 236 5.13 26,017.24 −0.323 80.04 48.92
CgPEBP2 GL01335 176 6.42 19,848.39 −0.311 80.74 43.37
CgPEBP3 GL28974 66 10.75 7806.99 −0.577 66.52 54.87
CgPEBP4 GL14129 125 6.83 14,228.19 −0.331 82.56 30.19
CgPEBP5 GL07645 174 9.03 19,522.14 −0.333 80.06 48.67
CgPEBP6 GL00658 201 7.8 22,704.79 −0.341 77.06 38.75
CgPEBP7 GL09595 181 6.73 20,394.24 −0.229 82.87 49.19
CsPEBP1 cymsin_Mol026710 118 5.34 13,110.05 −0.251 85.85 51.29
CsPEBP2 cymsin_Mol020839 189 6.42 21,659.53 −0.355 79.31 37.43
CsPEBP3 cymsin_Mol012759 173 9.06 19,598.52 −0.203 82.14 45.59
CsPEBP4 cymsin_Mol020552 187 7 20,394.34 −0.184 73.48 57.35
CsPEBP5 cymsin_Mol006878 190 6.08 21,404.16 −0.297 80.95 41.78
CsPEBP6 cymsin_Mol006013 243 6.08 27,504.27 −0.363 80.16 42.56
CsPEBP7 cymsin_Mol018868 174 9.03 19,523.09 −0.375 77.82 48.29
CsPEBP8 cymsin_Mol003216 178 9.18 20,292.16 −0.23 83.2 42.1
CsPEBP9 cymsin_Mol017371 379 9.57 42,330.61 −0.181 84.62 52.69

Note: Ce: Cymbidium ensifolium; Cg: C. goeringii; Cs: C. sinense.

3.2. Chromosome Localization and Collinearity Analysis of PEBP Genes in Three Cymbidium Species

The relationship between the location of the PEBP genes on the chromosomes and the
collinearity within three Cymbidium species is shown in Figure 1. The PEBPs are exclusively
located on the partial chromosomes of three Cymbidium species and are dispersed. Ten CePEBPs
were unevenly distributed on seven chromosomes (Chr02, 05, 06, 09, 11, 14, and 17). Chromo-
some 02,05,09 contained two genes, while each of the remaining chromosomes contained one
gene. CePEBP9 was localized to the unanchored scaffold, named Scaffold5149. Chromosome
localization analysis in C. sinense showed that nine CsPEBPs were unevenly distributed on
seven chromosomes (Chr02, 06, 07, 08, 11, 13, and 17). The chromosome 08 contained three
genes (CsPEBP4, CsPEBP5, and CsPEBP6), while the other chromosomes contained one gene
each. Six CgPEBPs were unevenly distributed on four chromosomes (Chr01, 05, 11, and 16).
Chromosome 01 contained three genes (CgPEBP1, CgPEBP2, and CgPEBP3), whereas the other
chromosomes contained one gene each. CgPEBP7 was localized to the unanchored scaffold,
named Scaffold10 (Figure 1A).
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Figure 1. (A) The position of PEBP gene family members on chromosomes in three Cymbidium species.
The left-hand scale is used to estimate the length of chromosomes. (B) Intraspecific collinearity of the
PEBP genes in the three Cymbidium species. (C) Interspecific collinearity relationship between PEBP
gene family members and C. goeringii, C. ensifolium, and C. sinense. The chromosomes of C. goeringii,
C. ensifolium, and C. sinense are marked with different colors. Red lines connect the collinear relationship
between PEBP gene family members of different species, and the location of PEBPs is represented by the
red triangle. Circles of different colors represent different Cymbidium species.

The analysis of collinearity between genes revealed replication relationships between
them. Within C. ensifolium, the PEBP genes had one collinear relationship, which was
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between CePEBP5 on Chr06 and CePEBP1 on Chr02 (Figure 1B). There were two collinear
relationships in C. sinense, which were CsPEBP2 on Chr06 and CsPEBP5 on Chr08, and
CsPEBP7 on Chr011 and CsPEBP8 on Chr11, respectively. They exhibited similar conserved
motifs and gene arrangements. No collinear relationship was detected in C. goeringii
(Figure 1B). Figure 1C shows the collinear relationships of PEBP genes in three Cymbidium
species. The analysis results indicated that C. goeringii shared seven collinearities with
C. sinense and four collinearities with C. ensifolium. Among the three species, CgPEBP was
most closely related to CsPEBP.

3.3. Phylogenetic Relationship Analysis of PEBP Genes

To analyze the phylogenetic relationships of PEBPs and other homologous genes
in three Cymbidium species, we constructed a maximum likelihood (ML) phylogenetic
tree using the amino acid sequences of 6 AtPEBP proteins, 7 PhPEBP proteins, 7 CgPEBP
proteins, 9 CsPEBP proteins, and 11 CePEBP proteins (Figure 2). The phylogenetic trees
showed that the forty PEBP proteins were categorized into three subfamilies: FT, TFL1,
and MFT. Among these, twenty-two PEBP genes belonged to the FT subfamily for three
Cymbidium species (six CgPEBP, seven CsPEBP, and nine CePEBP, respectively), and the
number of members of the TFL1 subfamily was the lowest (two members, CePEBP3 and
CsPEBP3, respectively). Moreover, the TFL1 gene was absent in C. goeringii. The PEBPs of
the three Cymbidium species were classified into four types (I-IV) based on the topology of
the phylogenetic tree. The like-I clade consists of genes that are very similar to the FT-like
genes in A. thaliana.

Figure 2. Phylogenetic tree of the 40 PEBP proteins from Cymbidium goeringii, C. ensifolium, C. sinense,
A. thaliana, and Phalaenopsis hybrid. Circles of different colors represent different Cymbidium species.
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3.4. Conserved Motif and Gene Structure Analysis of PEBP Gene Family

To understand the gene structure of PEBPs in three Cymbidium species, we predicted
ten conserved motifs of PEBP genes by MEME and demonstrated the exon intron structure
using Tbtools. The result showed that the majority of PEBP genes exhibited six conserved
motifs, numbered one to six. Members of the same subfamily within the PEBP family share
similar conserved motifs. Additionally, motifs 7 and 9 were exclusively observed in MFT-
like genes. Except for CePEBP10 and CsPEBP1, almost all PEBP genes contained at least
four conserved motifs (Figure 3A). Motif 1 (e-value = 2.0e − 723) contained a conserved
motif D-P-D-X-P and its critical AA84 amino acid residue (Y). Motif 2 (e-value = 3.6e − 708)
contained the critical AA139 amino acid residue (Q). Motif 4 (e-value = 8.3e − 285) contained
a conserved motif G-X-H-R, and motif G-X-H-R had a strong effect on the Ile (I) residue
with a preference (Figure 3B, 3C). The gene structure analysis indicated that 17 PEBPs
(accounting for 63%) contained four exons and three introns, and four PEBPs (accounting for
15%) contained three exons and two introns. Three PEBPs (accounting for 11%) contained
five exons and four introns, and three PEBPs (accounting for 11%) contained six exons and
five introns. All PEBP genes had between one and five introns, with CsPEBP9 having the
longest intron and CgPEBP3 having only one intron (Figure 3B).

The PEBP gene family had two key amino acid (AA) residues at the AA85 (Tyr, Y) and
AA140 (Gln, Q) positions in Arabidopsis [18,20]. We performed the protein alignment of
PEBP homologs from three Cymbidium species (Figure 3D). In these three Cymbidium species,
Tyr (Y) at AA85 was replaced by Cys (C) and His (H) in MFT-like (CgPEBP3, CsPEBP4,
and CePEBP2) and TFL1-like (CsPEBP3, CePEBP3), respectively. In the FT subfamily, Tyr
(Y) at AA85 was replaced by His (H) and Leu (L) in three genes (CgPEBP6, CsPEBP9,
CePEBP9) and five genes (CgPEBP7, CePEBP10, CePEBP11, CePEBP4, CsPEBP1) of FT-like
III, respectively. The key amino acid residues of other PEBP genes in the FT subfamily
were highly conserved at AA85. In addition, another key amino acid residue at the AA140
(Gln, Q) positions of PEBP genes was replaced by Asp (D) in the TFL1-like subfamily and
replaced by Glu (E) and His (H) in the FT-like II tapy, respectively, and in CgPEBP4 by Lys
(K). Key amino acid residues of other PEBP genes were highly conserved at AA140. The
amino acid comparison showed that the functions of these PEBP genes might be largely
conserved (Figure 3D).

3.5. Cis-Element Analysis of Three Cymbidium Species

We extracted the 2000 bp sequence upstream region of each gene in the PEBP genes
for three Cymbidium species and predicted cis-acting elements using the PlantCARE
databases. There were 690 predicted cis-acting elements in three Cymbidium species, and
C. ensifolium had the most cis-elements (273/690), followed by C. sinense (239/690) and
C. goeringii (178/690). These were categorized into six groups: light-responsive elements
(317), hormone-responsive elements (213), developmental-associated elements (43), envi-
ronmental stress-related elements (88), site-binding-associated elements (22), and promoter-
associated elements (7). Among them, the maximum number of light-responsive elements
were Box 4 (94/317, 29.65%) and G-box (62/317, 19.55%), followed by TCT-motifs (24/317)
and GT1-motifs (223/317). Among the phytohormone response elements, a higher number
of ABRE (58/213, 27.23%), CGTCA-motif (39/213, 7.8%), and TGACG-motifs (39/213,
7.8%), were associated with abscisic acid response and MeJA, respectively. The remaining
elements were associated with the salicylic acid response. Among the plant growth- and
development-related response elements, GCN4-motif (14/43, 32.55%) and O2-site (12/43,
27.91%) were associated with circadian rhythm control and arginine metabolism, respec-
tively. In contrast, other elements such as CAT-box motifs, circadian, and RY-elements were
associated with phloem tissue expression and seed development. Thus, the PEBP genes of
the three orchids were mainly associated with light response and the regulation of tissue
metabolism (Figure 4, Supplementary Table S1).

13



Horticulturae 2024, 10, 252

CsPEBP1

CePEBP10

CePEBP11

CePEBP4

CgPEBP7

CgPEBP6

CsPEBP9

CePEBP9

CgPEBP1

CsPEBP6

CgPEBP2

CsPEBP5

CePEBP1

CgPEBP4

CsPEBP2

CePEBP5

CsPEBP8

CePEBP8

CePEBP6

CgPEBP5

CsPEBP7

CePEBP7

CsPEBP3

CePEBP3

CgPEBP3

CsPEBP4

CePEBP2

0 30 60 90 120 150 180 210 240 270 300 330 360 390
5' 3'

0 2k 4k 6k 8k 10k 12k 14k 16k 18k 20k

5' 3'

Motif 3

Motif 3

Motif 1

Motif 4

Motif 2

Motif 7

Motif 5

Motif 8

Motif 6

Motif 5
Motif 1
Motif 6
Motif 4
Motif 2
Motif 8
Motif 10
Motif 7
Motif 9

CDS
UTR

A

C

B

Consensus pattern Consensus pattern

MFT

FTL

FT-II

FT-I

FT-III

FT-IV

Figure 3. (A) The comparative map of PEBPs is based on the phylogenetic tree and conserved
protein motifs of the three Cymbidium species. (B) Distribution of UTRs and CDSs of PEBP gene family
members of the three Cymbidium species. Green represents CDS s and yellow represents UTRs. The
scale at the bottom is used to compare the lengths of different genes and proteins. (C) Conserved
domains of the three Cymbidium species protein sequences. The overall height of each stack indicates the
sequence conservation at that position. (D) The PEBP homeodomain sequence alignment analysis of
three Cymbidium species. The red blocks represent highly conserved residues. The red blocks represent
highly conserved residues. Ce: Cymbidium ensifolium; Cg: C. goeringii; Cs: C. sinense.
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Figure 4. (A) Classification and statistics of cis-acting elements of three Cymbidium species. The
numbers in the grid represent the number of elements, with darker colors indicating a larger number
and lighter colors indicating a smaller number. (B) The promoter region’s distribution of cis-acting
elements of three Cymbidium species. The various types of cis-acting elements are represented by
different colors and shapes. The sequence direction and length are indicated by the ruler at the
bottom. Ce: Cymbidium ensifolium; Cg: C. goeringii; Cs: C. sinense.

3.6. Expression Patterns of PEBP Genes in C. ensifolium

Based on the transcriptome data, three PEBP genes were significantly expressed in the
buds and flowers of C. ensifolium, and two genes were significantly expressed in the leaves
and roots (Figure 5). Some genes (CePEBP5, CePEBP1) were expressed in several tissues,
whereas some genes (CePEBP8, CePEBP9, and CePEBP4) showed little or no expression in
the tissues. The average FPKM values of the transcriptome of CePEBP genes in different
tissues of C. ensifolium are shown in Supplementary Table S2.

Figure 5. Expression of CePEBPs in various tissues of Cymbidium ensifolium. The dendrogram on the
left displays the results of the inter-gene clustering analysis.
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We selected four genes, CePEBP1, CePEBP3, CePEBP5, and CePEBP10, for RT-qPCR
experiments according to the transcriptome data (primer sequence information is shown
in Table S3). The RT-qPCR results showed that they were expressed highly in the bud
(1–5 mm), leaves, roots, and pedicels, suggesting their vital role in multiple developmental
stages of C. ensifolium (Figure 6). The transcriptome data and RT-qPCR results for CePEBP1
and CePEBP3 were basically the same. Transcriptome data indicated that CePEBP5 was
expressed in all tissues and had the highest expression in leaves. The RT-qPCR results
indicated that it had the highest expression in the gynostemium. CePEBP10 exhibited the
highest expression in the bud (1–5 mm), while the RT-qPCR results showed the highest
expression in leaves.

Figure 6. Analysis of gene expression of four CePEBPs in Cymbidium ensifolium at ten different
organ materials.

4. Discussion

The growth habit, flowering time, flower number, and floral organ development of
Cymbidium species are closely related to their ornamental value. Previous studies have
cloned one PEBP homologous gene in each of the three Cymbidium species and found that
C. goeringii might be primarily regulated by low temperatures, while C. ensifolium and
C. sinense are regulated by the photoperiod [39]. This suggests that the study of the PEBP
gene family may contribute to an improvement in ornamental traits in Cymbidium species.
However, the role of the PEBP gene family in Cymbidium species has not been systematically
studied to examine the common characteristics of its members.

In angiosperms, the PEBP gene family has undergone two ancient duplications, giving
rise to three types: FT-like, TFL1-like, and MFT-like [4–6]. In this study, twenty-seven PEBP
genes from three Cymbidium species were classified into three subfamilies (FT, TFL1, and
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MFT) through phylogenetic analysis, which was consistent with other species [4–6]. The
FT-like genes were the most diversified in terms of copy number among the three PEBP sub-
families. In a study on the evolution of FT/TFL1 in tropical new orchids, the FT-like genes
in monocotyledonous plants were divided into two branches: MonFT1 and MonFT2. Genes
in the MonFT1 sub-branch might have played a role in delaying flowering, while genes
in the MonFT2 sub-branch could have retained the function of promoting flowering [40].
Similarly to other monocots, three Cymbidium species carried more FT-like homologous
sequences than TFL1-like and MFT-like, which could be further divided into four types
(like I–IV). Among them, type I belongs to the MonFT2 sub-branch and promotes flow-
ering through genes closely related to the AtFT gene, while types II, III, and IV belong to
the MonFT1 sub-branch and inhibit flowering [40]. Additionally, previous studies have
reported that the TFL1-like genes have undergone duplication during evolution in di-
cotyledons, followed by functional divergence from the TFL1 and CEN gene lineages [1,41].
In contrast to the FT genes, the TFL1 subfamily is more diverse in dicotyledons than in
monocotyledons [40]. TFL1-like genes are either completely absent or very few are present
in orchids, frequently as single copies. Only homology between Oncidium ‘Gower Ramsey’
and Vanilla planifolia has been reported [40,42,43]. This may be caused by the progressive
loss of function of TFL1-like genes together with functional compensation by FT-like copies,
but it still needs to be tested in the necessary experiments [40]. Among the three Cymbidium
species, the absence of TFL1-like in C. goeringii, while C. ensifolium and C. sinense had a
single copy, agrees with the results of previous studies [25,40]. These results reveal the
functional differentiation and diversity in the PEBP gene family of three Cymbidium species.

PEBP protein has highly conserved D-P-D-x-P and G-x-H-R motifs in plants, and the
binding of these motifs to anions is important for the conformation of the ligand-binding site
of the PEBP protein [1,44]. Mutations close to this region may affect the binding of the PEBP
protein with phosphate ions, thereby altering its interaction with FD [1,45]. Previous studies
have indicated that a single amino acid determines the antagonistic activity of the floral
regulators, including FT-like and TFL1-like. The residues Tyr85/His88 and Gln140/Asp144
in the FT-like and TFL1-like proteins may be the key residues that distinguish FT-like and
TFL1-like activity, where they form hydrogen bonds in TFL1-like but not in FT-like [18,20].
For example, one amino acid substitution (replacing His-88 with Tyr in TFL1-like) can
convert TFL1-like into FT-like, which promotes flowering [18]. In another study, specific
mutations at the Glu-109, Trp-138, Gln-140, and Asn-152 sites can convert the FT-like into
the TFL1-like, which inhibits flowering [19]. In this study, 27 PEBPs were identified in
three Cymbidium species, and the results of the conserved motifs of all PEBPs indicated
that these genes contained not only key amino acid residues but also two conserved motifs
(D-P-D-X-P and G-X-H-R) [44,46]. Among them, the aa85 position of the FT-like III branch
(CgPEBP6, CsPEBP9, CePEBP9) and five genes (CePEBP4, CePEBP10, CePEBP11, CgPEBP7,
CsPEBP1) were replaced by His (H) and Leu (L) instead of Tyr (Y). Moreover, the aa140
(Gln, Q) of the FT-like II members was replaced by (Glu, E) and (His, H). FT-like II and III
belong to the MonFT1 subbranch, which inhibits flowering in plants [40]. This indicates
that the changes in Tyr85/His88 and Gln140/Asp144 residues of the PEBP gene family of
three Cymbidium species can determine the functional conversion of FT/TFL1, which is
similar to the results of previous researches [18,19,40].

Flowering is a key developmental process for environmental adaptation and repro-
duction in higher plants and requires a complex network of signaling pathways, which has
been studied in many plants [1]. PEBP functions as a gene hub, integrating the photope-
riodic pathway, vernalization pathway, autonomous pathway, gibberellin pathway, and
age pathway in major floral induction pathways [1,47–49]. Investigating the transcriptional
regulation of gene expression at the level of promoters by cis-acting elements has advanced
our basic understanding of gene regulation and enriched the arsenal of readily available
promoters [50]. In this study, a series of functional regulatory elements in the promoter
region of the PEBPs were identified in three Cymbidium species, including growth and
development factors, stress response factors, and plant hormone response factors. Among
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them, the light-responsive elements had the maximum number, indicating that the PEBPs
might be regulated by light signals and growth and development (Supplementary Table S1).
Previous studies also found that C. ensifolium and C. sinense were regulated by photoperiod,
while C. goeringii was regulated by other factors, such as low temperatures. The research
results also indirectly confirmed this point [39].

The PEBP transcripts are abundant in numerous organs during the growth and devel-
opment of orchids [25,42,51]. In Phalaenopsis ‘Little Gem stripes’, transcription of the PEBP
genes among the various organs is detected. PhFT1 is mainly expressed in vegetative buds,
PhFT2 is specifically expressed in leaves, and the expression level of PhFT3 is highest in
inflorescence [25]. But the FT homologous gene is highly expressed during flower organ
development and growth processes in Dendrobium ’Chao Praya Smile’ [51]. In Oncidium
‘Gower Ramsey’, the OnFT mRNA is widely detected in different organs at different growth
stages and had the highest level in tender flower buds (2 mm) [42]. In this study, we
observed that certain CePEBP genes exhibited tissue-specific expression (Figure 6), with
CePEBP3, CePEBP5, and CePEBP6 being specifically expressed in the developing roots and
leaves of C. ensifolium, independently. CePEBP1, CePEBP3, CePEBP5, and CePEBP10 were
expressed specifically in buds and flowers, which might be related to flower differentiation
and development. None of CePEBP8, CePEBP9, and CePEBP4 were expressed in any of the
tested tissues or organs, indicating that they were not expressed in C. ensifolium. The result
of RT-qPCR analysis showed that CePEBP1 and CePEBP3 had high expression in flower
buds (1–5 mm) and pedicels; CePEBP5 exhibited high expression in the gynostemium and
pedicel; and CePEBP10 showed high expression in the leaves of C. ensifolium ‘Longyan Su’.
This may be due to an incomplete correlation between sequencing and RT-qPCR samples.
These findings also suggest that the various expression patterns of the PEBP gene family may
contribute to further research on functional differentiation of the FT-like branch in orchids.

5. Conclusions

In this study, seven CgPEBP, nine CsPEBP, and eleven CePEBP were identified in three
Cymbidium species, which were classified into three clades. The PEBP genes of C. ensifolium
can play a significant role in the development and growth of the plant, particularly in the
bud (1–5 mm). It was noteworthy that CePEBP5 also played an indispensable role in both
the vegetative and reproductive growth of C. ensifolium. The CePEBP1 gene was crucial for
root development, while CePEBP1, CePEBP3, CePEBP5, and CePEBP10 might be involved
in the growth and development of multiple floral organ tissues. These findings can provide
possible directions for further investigations on the regulation of PEBPs on the flowering
times of C. ensifolium.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10030252/s1. Table S1: Details of cis-acting elements
in the promoter region of PEBP genes from three Cymbidium species (2000 bp upstream of the
initiation codon); Table S2: Average FPKM value of CePEBP genes transcriptome in different tissues
of C. ensifolium; Table S3: Primers used in this study.
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Abstract: Bulblets, as the main reproductive organ of lilies, have a tremendous impact on the
reproductive efficiency of lilies. Cytokinin is known to promote the formation of lily bulblets,
but little is known about the mechanisms involved. In this study, a combination of full-length
transcriptome and high-throughput RNA sequencing (RNA-Seq) was performed at the leaf axils of
LA lily ‘Aladdin’ to characterize the transcriptional response to 6-BA treatment during the critical
period of stem-to-bulblet transition. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis
showed that 6-BA treatment caused significant changes in starch and sucrose metabolism and plant
hormone balance. In particular, the high expression of SUS1 and TPS6 in the 6-BA-treated group
suggests that sucrose may act as a key signal to promote bulblet initiation. Furthermore, the induction
of elevated expression of genes associated with cytokinin and auxin transport and signaling is
crucial for initiating bulblet emergence and stimulating growth. WGCNA analysis revealed that
hub TFs such as BLHs, ARFs, HD-ZIPs, AP2/ERFs, and SBPs were significantly overexpressed with
genes involved in carbohydrate metabolism and phytohormone signaling, which warranted more
in-depth functional studies. This study enriches the understanding of plant hormone-related genes,
sugar metabolism-related genes and various transcription factors in the regulation of plant organ
development, and lays the foundation for further studies on the molecular mechanisms of lily stem
bulblet formation.

Keywords: LA hybrid lily; stem bulblet formation; 6-benzylaminopurine (6-BA); phytohormone
biosynthesis and signaling; starch and sucrose metabolism

1. Introduction

Lily (Lilium spp.), an old worldwide flower, has high ornamental and edible value.
Bulblets are the reproductive organ of lilies, and the quantity and quality of bulblets have a
great influence on the yield of lilies. Previous studies mainly focused on the formation of lily
bulbs under in vitro conditions, and very few studies have been carried out on their natural
proliferation, especially in the absence of a clear molecular regulatory mechanism [1]. LA
hybrid lily ‘Aladdin’ has a very strong self-propagation ability under natural conditions,
and can spontaneously form a large number of good quality underground-stem bulblets
on underground stems, which is an excellent test material to study the mechanism of lily
bulb formation under natural conditions [2,3].

The synthesis and signaling of several plant hormones have been reported in the
literature to act on the formation of bulblets, like auxin (AUX), cytokinin (CK), ethylene
(ETH), gibberellin (GA), abscisic acid (ABA), etc. [4–6]. Among them, cytokinin and auxin
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are considered to be important hormones regulating bulb formation in plants [7,8]. Previous
studies found that applying exogenous cytokinin (6-BA) to LA hybrid lily ‘Aladdin’ can
accelerate the speed of underground stem-bulblet initiation and increase the number
of bulblet occurrence [9]. In Lilium lancifolium, 6-BA promotes bulbil initiation while
lovastatin delays it, and genes involved in cytokinin metabolism and signaling undergo
opposite changes [10]. According to previous studies, auxin may have a dual role in
lily bulb organ formation, with auxin acting as a promoter during the initiation phase of
organ induction but inhibiting the response to auxin at a later stage to maintain proper
hormonal homeostasis within the newly formed meristematic tissue [11–13]. The exogenous
application of IAA promotes the formation of bulbils, but the inhibitors of auxin transport,
NPA, TIBA, and the inhibitor of auxin function, PCIB, inhibited the formation of bulbils
in in vitro stem segments of Lilium lancifolium to different extents [14]. In addition, it
was found that the application of IAA induces aerial bulbils on the cut surface of the
upper stem through a process similar to callus formation [15]. In a recent study, 2,4-
dichlorophenoxyacetic acid (2,4-D) significantly increased the regeneration rate of in vitro
bulblets in L. brownii and L. brownii var. giganteum [16].

Recent studies showed that carbohydrate metabolism was also associated with bulb
formation [17,18]. In Lilium davidii var. unicolor, genes involved in starch synthesis (ADPG
pyrophosphorylase gene AGP, starch branching enzyme gene SBE, soluble starch synthase
gene SSS, and bound starch synthase gene GBSS) were mainly highly expressed at the
emergence of small bulbs and during later bulb development; therefore, it is speculated
that starch may play a key role in later bulb development [18]. A previous study demon-
strated that bulbing involves a shoot-to-bulblet transition and the higher expression of
the sucrose synthase gene (LohSuSy) could accelerate this transformation process [19]. In
Lycoris sprengeri, a study indicated a sugar-mediated model of the regulation of vegetative
propagation in which high cell wall invertase (CWIN) expression or activity could promote
bulblet initiation via enhancing apoplasmic unloading of sucrose or sugar signals [20].

Stem bulblets, formed in the leaf axils of the above- and below-ground stems of
lilies, are axillary organs and originate from axillary meristematic tissue (AM) [2,21]. In
Arabidopsis thaliana, numerous studies have revealed that several transcription factors affect
AM initiation [22,23]. However, regarding the molecular regulation of bulblet formation,
only a small number of genes have been validated so far, and their regulatory mechanisms
are still unclear. It was demonstrated that HOMEOBOX PROTEIN KNOTTED-1-LIKE (La-
KNOX1) interacts with LaKNOX2 and BEL1-LIKE HOMEBOX (LaBEL1) to simultaneously
regulate multiple plant hormones to achieve proper hormone homeostasis, thereby exerting
a positive effect in stem bulblet formation in L. ‘Aladdin’ [9]. In Agave tequilana, AtqKNOX1
and AtqKNOX2 genes were induced at bulbil initiation and their expression increased with
bulbil development [24]. In Lilium lancifolium, the Argonaute 1 (LlAGO1) was suggested to
play an positive role in the formation of bulbils [25]. In other studies, the LoAGO1 gene
was also found to play a role in meristem induction along with other genes regulating
growth hormone signaling such as TOPLESS (LoTPL) and AUXIN SIGNALING F-BOX 3
(LoAFB3) [4]. According to a previous study, cytokinin type-B response regulators LIRRs
could bind to the promoters of LlWOX9 and LlWOX11 and encourage their transcription
to promote bulbil generation [26]. In addition to TFs associated with AM initiation, TFs
associated with organ boundaries were also shown to affect bulb production. In the oriental
lily ‘Siberia’, a LoLOB18 gene belonging to the LOB (lateral organ boundaries domain)
transcription factor family was demonstrated to have a positive regulatory role in bulb
formation by VIGS experiments [27].

In this study, we applied 6-BA to the underground stems of lilies, 40 days after planting,
and analyzed RNA sequences of treated and control samples on days 1, 10, and 20 thereafter.
We investigated the patterns of gene expression changes during lily bulb development
related to starch and sucrose metabolism, hormone synthesis and signaling, and some
transcription factors related to axillary bud initiation, and then constructed the network
relationships of these genes by WGCNA analysis. In conclusion, our results provide insight
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into the molecular regulatory mechanisms regulating lily bulblet formation, which will
contribute to future studies to improve the reproductive efficiency of lily plants.

2. Materials and Methods

2.1. Plant Materials

At Beijing Forestry University (BJFU) (116.3E, 40.0N), the study was carried out in the
identical climate-controlled facility. Three-year-old LA (Lilium longiflorum × Lilium asiatic)
hybrid cultivars ‘Aladdin’ with similar diameters were selected as experimental materials.
The planted lilies were divided into two groups, and 100 mg/L of 6-BA (total 25 mg) and
water (as control) were applied to the underground stems 40 days after planting. The
second application was repeated after 48 h. We collected leaf axils of underground stems at
1, 10, 20, and 25 days after application, as with the control group. The leaf axils (including
leaf axil tissues and part of the stem bode) were cut with a double-sided razor blade at
about 0.2 mm thickness. Samples of each period and group were mixed from three lily
samples, each containing 3–5 leaf axils, and three biological replicates were performed.
The control samples were named C1, C10, C20, and C25 while the 6-BA treated groups
were named B1, B10, B20, and B25. The collected leaf axil samples were wrapped in tin foil
bags and quickly frozen in liquid nitrogen for 30 min, and then transferred to a −80 ◦C
refrigerator for storage until further use.

2.2. Morphological and Histological Observation

Morphological changes of bulblet initiation in L. ‘Aladdin’ were observed under a
stereomicroscope (SP8 SR, Lecia, Wetzlar, Germany). The induction rate of bulblets was cal-
culated as follows: induction rate = number of axils that produced axillary meristems/total
number of underground axils. Samples from leaf axils with partial leaves were fixed with
FAA (70% ethanol: glacial acetic acid: formalin, 90:5:5) at 4 ◦C for 24 h. Fixed samples were
dehydrated and embedded in paraffin wax through an ethanol gradient, and longitudinal
sections were prepared using a sectioning machine (Leica HistoCore BIOCUT, Wetzlar,
Germany). The resulting sections were stained with safranin–alcian green, and the mor-
phological and structural characteristics of the samples were subsequently observed under
a light microscope and recorded.

2.3. RNA Extraction and Quality Assessment

Total RNA was extracted using a Plant RNA Extraction Kit (RN53, Aidlab, Beijing,
China) according to the manufacturer’s instructions, and treated with RNase-free DNase
I to remove residual DNA contamination. The integrity and purity of the total RNA
were determined using a NanoDrop-1000 UV spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA) and 1.2% agarose gel electrophoresis.

2.4. PacBio Iso-Seq Library Preparation, Sequencing, and Analysis

Total RNA from above-ground stem axils of C1, C10, C20, B1, B10, and B20 were mixed
in equal amounts and sequencing libraries were constructed through the PacBio platform
to obtain the full-length transcriptome sequences of L. ‘Aladdin’. First, Clontech SMARTer
PCR cDNA Synthesis Kit was used to reverse translate total RNA to first-strand cDNA,
and then PCR amplification was performed to synthesize double-strand cDNA. Second,
SMRTbell library construction was performed after the purification of the products. Finally,
the SMRTbell library was annealed with primers and polymerase and sequenced using
MagBead Loading.

The raw reads were analyzed, and circular consensus sequence (CCS) sequences were
extracted using SMRT Link v6.0 [28]. The primers, barcodes, poly(A) tails, and tandems
were then removed to obtain full-length non-chimeric sequences (FlNC). Subsequently, the
full-length non-chimeric (FLNC) reads were clustered by error-corrected iterative clustering
(ICE) to generate clustered consensus heterodimers. Next, low quality isomers were further
corrected by the LoRDEC tool [29] using Illumina short reads obtained from the same
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lily-leaf axil samples. CD-HIT-v4.6.7 software was used to remove redundant sequences
using a threshold of 0.99 identity to obtain the final transcriptome isoform sequence.

2.5. Illumina Transcriptome Library Preparation, Sequencing, and Analysis

To characterize the expression of transcriptomic differential gene sets during L. ‘Al-
addin’ stem bulblet initiation, total RNA from aboveground stem axils of C1, C10, C20,
B1, B10, and B20 was extracted for RNA-Seq with two replications for each sample. First,
after the RNA test was passed, the mRNA with poly(A) structure was enriched. Then
the mRNA was broken into short fragments, and the RNA was used as a template to
synthesize double-stranded cDNA and purified. The purified double-stranded cDNA was
then subjected to end repair, Then, the purified double-stranded cDNA was end-repaired,
sequencing junction and A-tail structure were added, fragment size was selected, with PCR
amplification and purification of PCR products. The final PCR products were sequenced
using Illumina HiSeqTM 2000 (Illumina, San Diego, CA, USA).

Using in-house Perl scripts with default parameters, we filtered the raw data (raw
reads) generated from the Illumina sequencing platform, including reads containing
adapters, reads containing more than 10% unknown nucleotides (N), and low-quality
reads containing more than 50% low-quality (Q-value ≤ 10) bases. The rRNA removed
high-quality clean reads were mapped to the reference transcriptome using the short reads
alignment tool Bowtie2 [30] by default parameters. These clean reads were then mapped to
the full-length transcriptome sequences of L. ‘Aladdin’ obtained by PacBio Iso-Seq using
HISAT2 [31].

2.6. Functional Annotation of Tanscripts, Identification of Differentially Expressed Genes (DEGs),
and Functional Enrichment

We performed BLASTx searches of all the identified transcripts against seven public
databases, including the NR, NT, Pfam, KOG, Swiss-Prot, KEGG, and GO databases, with
a threshold E-value of ≤10−5. Gene expression levels were calculated as fragments per
kilobase of transcript per million mapped reads (FPKM) [32]. DESeq2 was utilized to
conduct a differential expression study between two groups. Based on the Benjamini and
Hochberg method, differential expression was defined as a fold change of more than 1 with
an adjusted e-value (false discovery rate, FDR) of less than 0.05.

2.7. Identification of Co-Expression Network Modules

Gene co-expression modules were created using the weighted gene co-expression
network analysis program for R (WGCNA, version 1.47) [33]. To construct co-expression
modules, the WGCNA package used the block-wise module construction feature with
detailed settings to import the transcript expression values. This TOMType was unsigned,
the mergeCutHeight was 0.8, and the minModuleSize was 50. The networks were visualized
using Cytoscape v3.9.1 [34].

2.8. Quantitative Real-Time PCR Validation

To validate the RNA-Seq data, 12 significant DEGs involved in the plant hormone
signal transduction pathway, starch and sucrose metabolism, and transcription factors
were selected randomly, and qRT–PCR assays were performed. cDNA was synthesized
from total RNA using Prime Script II 1st strand cDNA Synthesis Kit (Takara, Shiga, Japan).
According to the manufacturer’s protocol, the cDNA template was fully mixed with SYBR
R® qPCR mix (Takara, Japan) and used for qRT–PCR in a Bio-Rad/CFX ConnectTM Real-
Time PCR Detection System (Bio-Rad, Irvine, CA, USA). Gene expression levels were
analyzed with the 2−ΔΔCT method [35] using the TIP41 gene of Lilium [36] as internal
standards. All analytical procedures were repeated on three biological replicates. Specific
quantitative primers were designed using NCBI Primer-BLAST (http://www.ncbi.nlm.nih.
gov) (accessed on 12 July 2022) (Table S1).
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3. Results

3.1. Morphological and Histological Observations on Bulblet Formation after Application of 6-BA

To understand the formation of stem bulblet initiation in L. ‘Aladdin’, samples were
collected from underground leaf axils at 1d, 10d, 20d, and 25d after 6-BA was applied to
observe it morphologically and histologically (Figure 1). Based on our observations, there
were no apparent changes in the axillary region of the leaves (Figure 1a,e) one day after
treatment with 6-BA (B1). Through paraffin section imaging, in comparison to the B1 stage,
cells in the axils at the B10 stage exhibited a more closely arranged pattern, with increased
cell numbers, and more prominent cell nuclei (Figure 1e,f). At the B20 stage, the distinct
band-like protrusions in the axillary region became clearly visible (Figure 1c), and the dense
cells had formed axillary meristematic tissue (Figure 1g). By the B25 stage, these structures
developed into bulbous formations (Figure 1d), with the axils distinctly showing the
initiation of bulblet primordia, including axillary meristems and scale primordia (Figure 1h).
Thus, we classified the process facilitated by 6-BA into the axillary meristem activation stage
(B1–B10), bulblet initiation stage (axillary meristem formation stage) (B20), and bulblet
primordia formation stage (B25). In contrast, morphological and histological observations
in the control group treated with distilled water during the corresponding time periods did
not reveal the formation of bulbs (Figure S1). During the bulblet initiation stage (B20), we
observed the formation of axillary meristems in both the control and treatment groups. The
results revealed a significantly higher induction rate in the 6-BA treatment group compared
to the control group (p < 0.0001), with no axillary bud formation observed in the control
group (Figure S2). Therefore, we hypothesize that the use of 6-BA plays a very important
role in the germination of underground stem bulblets.

Figure 1. Morphology and anatomy of stem bulblet formation under the influence of 6-BA. Scale
bar for sample images (a–d) = 5 mm; scale bar for microscope images (e–g) = 200 and (h) = 500 μm.
P, Petiole; S, stem; SC, scale; AM, axillary meristem; black circle, leaf axil.

3.2. RNA-Seq Analysis of L. ‘Aladdin’

For the purpose of obtaining a comprehensive annotation of the genes of L. ‘Aladdin’,
a total of 32,400 full-length non-redundant transcripts were obtained using PacBio SMRT
sequencing. The transcript sequences ranged from 54 to 7596 base pairs (bp) in length, with
an average transcript length of 1362.86 bp and an N50 of 1783 bp (Figure S3a). Of the clean
reads obtained from Illumina RNA-Seq, 80.33% was mapped to the reference transcripts
(Table S2), and the number of transcripts annotated in the four major protein databases, Nr,
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SwissProt, KEGG and KOG, was 29,244, 16,404, 18,679, and 25,547, respectively. Addition-
ally, out of the 32,400 transcripts, 12,975 were annotated in all four major databases, while
3011 transcripts were not annotated (Figure S3b).

The differentially expressed genes (DEGs) were determined by the L. ‘Aladdin’ 6-BA
treated and control groups at three stages (1d, 10d, 20d). We screened for expression levels
|log2(FC)| > 1 and FDR < 0.05 as DEGs by comparing each comparison group. First,
three comparison groups were obtained by comparing samples from different treatments
during the same time period. In total, 2275, 4704, and 4378 of the DEGs were differentially
expressed between B1 versus (vs.) C1, B10 vs. C10, and B20 vs. C20, respectively. Mean-
while, 755, 2196, and 1999 DEGs were specific for B1 vs. C1, B10 vs. C10, and B20 vs. C20,
respectively (Figure S3e). Among the three comparison groups, B10 vs. C10 had the highest
number of DEGs with 4704, including 2519 up-regulated genes and 2185 down-regulated
genes. This was followed by B20 vs. C20 with 4378 DEGs, including 2614 up-regulated and
1764 down-regulated genes. The least number of differential genes was in the B1 vs. C1
comparison group with only 2275, including 1393 up-regulated and 882 down-regulated
genes (Figure S3c). Meanwhile, we compared samples at different time points after the ap-
plication of 6-BA and obtained three comparison groups: B10 vs. B1, B20 vs. B1, and B20 vs.
B10. Among these three comparison groups, the highest number of commonly expressed
DEGs was observed, totaling 2505 (Figure S3f). Additionally, all three comparison groups
showed a higher number of upregulated genes than downregulated genes, and the number
of upregulated DEGs increased with the number of days of application (Figure S3d).

To validate the reliability of the RNA-Seq data, 12 DEGs were selected for qRT–
PCR analysis. We found that the RNA-seq and RT-qPCR data were similar and yielded
consistent expression patterns. Therefore, the experimental results confirmed the accuracy
and reliability of the sequencing results (Figure S4).

3.3. KEGG Pathway Enrichment Analysis of DEGs

We performed KEGG pathway enrichment analysis for DEGs obtained from B1 vs.
C1, B10 vs. C10, B20 vs. C20, B10 vs. B1, B20 vs. B1, and B20 vs. B10 comparisons,
respectively (Figure 2). There was a significant difference in KEGG enrichment between B1
and C1 DEGs, with “plant hormone signal transduction” the most significant, followed by
“biosynthesis of secondary metabolites”, “biosynthesis of amino acids”, “plant circadian
rhythm”, “linoleic acid metabolism”, and “carbon metabolism” (Figure 2a). For B10 vs. C10,
DEGs were mainly enriched in “biosynthesis of secondary metabolites”, “carbon fixation
in photosynthetic organisms”, “metabolic pathways”, “starch and sucrose metabolism”,
and “plant hormone signal transduction pathway” (Figure 2b). Additionally, the DEGs
for B20 vs. C20 were mainly enriched in the “biosynthesis of secondary metabolites”,
“starch and sucrose metabolism”, “glyoxylate and dicarboxylate metabolism”, “garbon
metabolism”, “metabolic pathways” and “plant hormone signal transduction” (Figure 2c).
In the comparison of B10 vs. B1, DEGs were significantly enriched in the pathways of “plant
hormone signal transduction”, “plant-pathogen interaction”, “biosynthesis of secondary
metabolites”, and “MAPK signaling pathway-plant” (Figure 2d). Similar to B10 vs. B1,
the two most significantly enriched pathways for DEGs in the B10 vs. B1 comparison
were “plant hormone signal transduction” and “plant-pathogen interaction”. Additionally,
DEGs were also enriched in the “starch and sucrose metabolism” pathway (Figure 2e).
Furthermore, in the comparison B20 vs. B10, DEGs were significantly enriched in the
pathways of “plant hormone signal transduction” and “starch and sucrose metabolism”
(Figure 2f). In all six comparative groups, DEGs were enriched in the pathway of “plant
hormone signal transduction”. In addition, except for the two comparative groups B1
vs. C1 and B10 vs. B1, all other comparative groups were enriched in the pathway of
“starch and sucrose metabolism”. These results suggest that 6-BA promotes phytohormone
responses throughout bulblet emergence and promotes bulblet formation through signal
transduction. Moreover, starch and sucrose metabolism as well as sugar signaling may
play an important role in the bulblet process.

26



Horticulturae 2024, 10, 171

Figure 2. KEGG enrichment analyses of stem bulblet initiation. The top 10 KEGG pathways of the
DEGs in each comparison: (a) B1 vs. C1, (b) B10 vs. C1, (c) B20 vs. C20, (d) B10 vs. B1, (e) B20 vs. B1,
(f) B20 vs. B10. The phytohormone signaling pathway is highlighted in blue, while the starch and
sucrose pathway is highlighted in red.

3.4. Expression of Genes Involved in Starch and Sucrose Metabolism Pathways under
6-BA Treatment

In our research, according to the KEGG enrichment, the 6-BA treatment induced genes
related to starch and sucrose metabolism. Therefore, we discovered 25 genes associated with
this pathway that showed differences in expression in at least one comparison (Figure 3).
Seven SUS1 genes encoding sucrose synthases were upregulated at B10 compared to C10.
Compared to the control group, seven genes encoding sucrose synthases (SUSs) in the 6-
BA-treated group were upregulated at different time points. Among them, two SUS1 genes
(Isoform0001718 and Isoform0028472) exhibited an upregulation pattern in the B10 vs. C10
comparison, with SUS1 (Isoform0001718) showing a particularly remarkable upregulation
fold change of 14.60 (Table S3). Sucrose may be a signal that promotes bulb growth by upreg-
ulating genes in the T6P pathway. In our data, the gene TPS regarding trehalose-phosphate
synthase and the gene TPP regarding trehalose-phosphate phosphatase presented distinct
expression patterns in the 6-BA treatment and control groups, respectively. Among them,
a higher level of expression was observed in B20 than in C20 for seven TPS isoforms.
However, another two TPP transcripts (TPPG and TPP6) exhibited an opposite expression
profile by the 6-BA treatment. Particularly, 6-BA consistently decreased TPP6 expression
in all three periods. Genes encoding sucrose phosphate synthase, including SPS2 (Iso-
form0009502) and SPS4 (Isoform0009583), were up-regulated in the B20 vs. C20 comparison.
In addition, INV genes (Isoform0004628 and Isoform0031226), which are related to fructose
and glucose synthesis, showed an up-regulated expression pattern after 10 d and 20 d
of 6-BA application compared to the control group. One AMY3 gene encoding alpha-
amylase, which degrades starch to glucose, is highly expressed at B10. Moreover, PGMP
(phosphoglucomutase) and AGPS1 (ADP-glucose pyrophosphorylase catalytic subunit)
genes related to glucose metabolism were upregulated at B10. Additionally, one AGPS1
(Isoform0030445) was also expressed upregulated at B20.
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Figure 3. Expression of DEGs related to starch and sucrose metabolism pathways in 6-BA treated
and control groups. The gene expression levels are standardized into Z−scores, with red indicating
upregulation and purple indicating downregulation.

3.5. Analysis of DEGs Involved in Phytohormone Biosynthesis and Signal Transduction Pathway
during Stem Bulblet Initiation

Studies have shown that plant hormones such as auxin (AUX), cytokinin (CK), abscisic
acid (ABA), gibberellin (GA), brassinosteroid (BR), ethylene (ETH), and jasmonic acid (JA)
regulate the formation of lily bulbs. We filtered a large number of DEGs involved in phyto-
hormone synthesis and the signal transduction pathway from all pairwise comparisons to
analyze their effects on the development of lily stem bulblets.

In this study, we hypothesized that genes related to cytokinin biosynthesis and signal-
ing would undergo larger changes in expression levels compared to the control groups due
to the application of 6-BA. We identified one IPT3 (Isoform0002852) gene encoding isopen-
tenyl transferase, which expression is up-regulated at B1 and down-regulated at the B10
and B20 stages. In contrast, most of the genes related to cytokinin degradation (CKXs) were
down-regulated in expression at B1, but showed an up-regulated expression pattern at B10,
including CKX3 (Isoform0002852), CKX5 (Isoform0002852), CKX8 (Isoform0002852), CKX9
(Isoform0002852), and CKX11 (Isoform0002852) (Table S4). We also identified genes related
to cytokinin signaling, such as cytokinin receptors (AHKs), phosphotransmitters (AHPs),
and cytokinin response regulators (RRs). Among them, the AHK3 gene was down-regulated
at B1 and up-regulated at B10 and B20 stages. However, the AHP4 gene was induced to be
up-regulated by CK at B1 and down-regulated in expression at the following two periods
(B10 and B20) as compared to control groups. Meanwhile, the response regulator ARR12
(Isoform0019327) was significantly upregulated in 6-BA treated groups (Figure 4a).
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Figure 4. (a–d) Heatmap of the expression of DEGs related to plant hormone signal transduction
pathway in the indicated groups during bulblet initiation, respectively. The gene expression levels are
standardized into Z−scores, with red indicating upregulation and blue indicating downregulation.

In the auxin signaling pathway, the expression of the auxin transporter-like protein
(LAX5) (Isoform0000799) increased in response to the 6-BA treatment after 10 and 20 days
(Table S4). Similarly, we identified an auxin efflux carrier, PIN1 (Isoform0012372), which
was expressed at higher levels at B10 and B20 (Table S4). The transport inhibitor response
1 genes (TIR1s) did not show significant changes in gene expression at B1 and B10, but
exhibited up-regulation at B20 vs. C20. In our study, the indole-3-acetic acid inducible
gene (IAA21) was up-regulated at B20. We observed that several auxin response factor
genes were induced by 6-BA, including ARF5, ARF9, ARF17, and ARF23. Among them,
ARF5 (Isoform0018965) and ARF23 (Isoform0009796) exhibited an up-regulation pattern
at B1. Meanwhile, the expression of ARF17 (Isoform0019045) and ARF9 (Isoform0026633)
was significantly higher at 10 and 20 days in samples treated with 6-BA. In addition, the
small auxin upregulated RNA gene (SAUR71) (Isoform0014475) was also upregulated in
response to 6-BA after 20 days. At B10 and B20, there was an upregulation of the GH3
gene (Isoform0029898), which encodes the enzyme IAA-amido synthetase, responsible for
converting IAA to amino acids (Figure 4b).

In the ABA signaling pathway, abscisic acid receptor PYL genes (Isoform0010687,
Isoform0012614 and Isoform0009072) were upregulated at B10 and B20. In contrast, two
genes encoding PP2C (Isoform0005538 and Isoform0006273), a negative regulator of ABA,
had a down-regulation at B20. The expression of serine/threonine-protein kinase (SAPK)
genes, which contribute to ABA signaling, was mostly down-regulated (Figure 4c). As for
GA metabolism, two GA2OX genes encoding GA2-beta-dioxygenase showed a downreg-
ulation at B10 and B20 (Table S4). Moreover, in the GA signal pathway, one GA receptor
GID1C (Isoform001997) and one SLR gene (Isoform0028857) encoding DELLA protein
were downregulated at B10 compared to C10. In contrast, one SLR gene (Isoform0008972)
and four GA-regulated transcription factors PIF3 (Isoform0027427, Isoform0027428 and
Isoform0028457) showed different degrees of up-regulation in the three periods after 6-BA
application (Figure 4d).

Additionally, numerous genes were related to brassinosteroid, ethylene, and jasmonic
acid pathways. As for BR signaling, five CYP genes involved in BR biosynthesis were signif-
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icantly upregulated in B10 and B20 compared to C10 and C20. Consistent herewith, CURL3
(brassinosteroid insensitive 1 protein) and BSK3 (brassinosteroid insensitive 2 protein) were
upregulated during three periods under the 6-BA treatment. The 6-BA stress also led to
up-regulation of several XTH genes encoding xyloglucan endotransglucosylase/hydrolase
proteins. The ethylene signaling transduction pathway contains eight genes, among which
three ethylene insensitive 3 (EIN3) genes and two EBF1 genes encoding EIN3-binding F-box
protein were downregulated at B10, while ethylene receptor (ETR3) was upregulated at
B10. In terms of JA, three JAZ genes, which encode a protein with a ZIM domain, were
primarily downregulated over the course of three treated periods. However, except for
one JAZ gene (Isoform0016877), which was significantly upregulated by 6.04-fold at B10
vs. C10. Meanwhile, jasmonic acid-amino synthetase (GH3.5) and coronatine-insensitive
protein 1 (COI1) were identified (Table S4).

3.6. Co-Expression Network Construction and Identification of WGCNA Modules

WGCNA allows clustering genes with similar expression patterns and analyzing the
association between modules and specific traits or phenotypes. Based on the resemblance
of expression profiles in our investigation, 16 modules were found (Figure S5a). Genes
in the modules were evaluated using cluster analysis, which is shown using a heat map
(Figure S5b). Furthermore, correlations between modules and samples were established to
discern modules that exhibited significant associations with different treatments and stages
(Figure S5c). Black module was significantly correlated with sample B1 (0.91), ivory module
was strongly correlated with C10 (0.81), darkgreen module was positively correlated with
samples B10 and B20 (0.47 and 0.66), and darkgreenolive2 module was most strongly
correlated with C20 (0.89).

To identify the core modules, the expression profiles of the four obtained modules
may be evaluated, as the eigengene expression patterns describe the changes in gene
expression for the whole module. We found that eigengenes in the black module were
up-regulated at B1 and down-regulated in all other samples (Figure S5d). Furthermore, the
eigengene expression of the ivory module was down-regulated at all three periods under
6-BA treatment, but the eigengenes were significantly up-regulated at both C10 and C20
(Figure S5e). The eigengenes in the darkgreen module showed up-regulated expression at
the B10 and B20 periods, while the genes in the control group showed a down-regulated
pattern at all three periods (Figure S5f). The eigengenes of darkgreenolive2 module were
also highly expressed only in C20. Subsequently, we annotated the four modules by KEGG
analysis. According to the enrichment of KEGG, there were only three pathways in the
black module with p < 0.05, which were “linoleic acid metabolism”, “proteasome” and
“peroxisome”. The ivory module was clustered to two pathways regulated to hormone
biosynthesis and signaling transduction (Figure S6). Similarly, the darkgreen module
was enriched for three pathways related to phytohormones, which are “plant hormone
signal transduction”, “brassinosteroid biosynthesis” and “zeatin biosynthesis”. Meanwhile,
the darkgreenolive2 module genes were significantly enriched in the “starch and sucrose
metabolism” pathway (Figure S6). It has been shown that the genes related to lily bulblet
development are mainly enriched in two KEGG pathways, the plant hormone metabolism
and the starch and sucrose pathways, respectively [3,18,19,37,38]. Therefore, the initial
response of lily bulbs to 6-BA treatment may be strongly affected by the darkgreen, ivory
and darkgreenolive2 module genes, so we focused on the in-depth analysis of the gene
regulatory relationships of these three modules.

3.7. Identification of Hub TFs and Network Construction

To elucidate the regulatory role played by transcription factors on the formation of
stem bulblets, we constructed network relationships between transcription factors in each
module and genes significantly enriched in the hormone signaling transduction and starch
and sucrose metabolism pathways We analyzed the DEGs of each module and screened
the TFs with high connectivity in the network relationships as hub genes. According to
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previous studies, the regulation of TFs such as HD-ZIP, TALE, MYB, BHLH, and others
plays a pivotal role in the formation of new organs in plants [39].

In the darkgreen module, we found seven highly connected transcription factors as
hub genes, which are HOX20 (Isoform0008631), AP2 (Isoform0002884), BLH4 (Isoform
0002562), LRP1 (Isoform0004786), ARR1 (Isoform0027655), and ARR12 (Isoform0000808).
Through the gene expression heatmap, we found that except for BLH4 whose expression
was down-regulated in B10 and B20 compared to the control group, the rest of the hub TFs
expressed were up-regulated (Figure 5a). In the ivory module, we found many ERFs, SBPs,
WRKYs, MYBs, and TALEs were identified as hub TFs. Among them, WRKYs and ERFs
were the two most abundant TFs, with 15 and 10, respectively. Interestingly, BLH9 and
the two SPL15 TFs expressed extremely high rates of crosstalk, and we found that all three
genes were significantly down-regulated after 10 days of treatment by gene expression
analysis (Figure 5b). Based on the gene connectivity relationships in the darkolivegreen2
module, a large number of TFs were found to be enriched in the module, among which
were MYBs, GRAs, TALEs, and BHLHs. In addition, the two genes encoding ARF5 and
HOX32 showed a high degree of connectivity in darkolivegreen2, and the expression of
HOX32 was greater than that of C10 during the B10 period, whereas the expression of ARF5
was greater than that of C20 at the B20 stage (Figure 5c). From the above analysis, we know
that the formation of stem bulblets is inextricably related to the collaborative regulation of
multiple transcription factors.

Figure 5. Identification and selection of vital transcription factors in four modules. (a) Network
analysis of TFs in darkgreen module. (b) Network of the related genes in ivory module. (c) Network
analysis of hub TFs in darkolivegreen2 module. The gene expression levels are standardized into
Z−scores, with red indicating upregulation and green indicating downregulation.
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4. Discussion

4.1. The Starch and Sucrose Metabolism Mediates Lily Stem Bulblet Initiation

As shown by the KEGG enrichment data, a significant portion of the genes in our
study were enriched for the starch and sucrose metabolic pathways, demonstrating that
carbohydrate metabolism affected bulblet formation in response to CK signaling under
the application of 6-BA. Vacuolar convertase (INV) and sucrose synthase (SUS) are key
components of the response to CK [40]. In lilies, previous studies demonstrated that high
expression of SUSs may induce bulblet initiation in scales or leaf axils [3,16,18,19,41,42]. In
our study, all six SUS1 genes were up-regulated at B10 vs. C10, suggesting that SUS1 can
positively regulate bulblet formation and that the period of 10 days after 6-BA application
may be the critical time point for bulblet initiation. In Lycoris, the expression of INVs was
dramatically up-regulated to promote bulbogenesis, while leading to a decrease in sucrose
content in maternal scales [43]. Similarly, the invertase (INV) activity in leaf axils was
significantly increased, leading to the fact that sucrose can exert its signaling function by
rapidly breaking down hexose to promote bulbil formation [42]. Here, the expression levels
of INVs were significantly increased by 6-BA, showing a possible role of INVs in increasing
bulblet regeneration ability.

The synthesis of starch is widely recognized as a pivotal process in the initiation of
bulblets. Many investigations have suggested that the ability of a meristem to generate
bublet primordia is contingent upon its aptitude to amass starch [44]. In L. radiata, AGPase
as a major starch synthase was shown to be relevant in bulb expansion [43]. In this study,
the AGPS1 genes encoding AGPase exhibited an upregulated expression pattern in B10
vs. C10. Trehalose 6-phosphate (Tre6P) is an intermediate in trehalose biosynthesis, and
it has been suggested that Tre6P can act as a signal for sugar supply that may be specific
to the sucrose state [45]. Enhanced sucrose signaling during yam bulbil initiation leads to
upregulation of TPS genes as well as downregulation of TPP genes. These up-regulated
TPS genes can increase T6P levels, which can promote bulbil growth [46]. In our study,
most of the TPS genes were up-regulated in 6-BA-treated groups compared to the control
groups, especially at the time of 20 days of treatment. So, it may be speculated that genes
related to sucrose synthesis such as SUSs and INVs were triggered to be up-regulated at
B10 and thus positively affected TPS expression. All these results suggest that 6-BA as a
CK signal can influence the metabolism of starch and sucrose and thus play a key positive
regulatory role in the initiation of lily stem bulblets.

4.2. The Involvement of 6-BA in Plant Hormone Signal Transduction in Stem Bulblet Formation

In lily, CK was found to stimulate the outgrowth of bulblets or bulbils when directly
applied to the scale or axillary part of the stem [9,10,47]. However, transcriptome analysis
related to lily bulbogenesis after 6-BA is currently imposed. In transcriptome analyses
of axillary bud formation in apple, samples treated with 6-BA show differences in the
expression of genes related to CK synthesis and signal transduction. Among them, the
expression of IPT genes related to cytokinin synthesis as well as CK degradation gene CKXs
were highly expressed after 6-BA treatment [48]. In the present study, the expression of IPT3
and several CKXs increased at B1 and B10, respectively. Furthermore, the upregulation of
the cytokinin receptor gene AHK3 on B10 and B20 is observed. In the case of L. lancifolium,
the application of 6-BA on scales also enhances the expression of the AHKs gene, which is
consistent with our experimental results and further validates the reliability of our data.
In L. lancifolium, the level of type-B LlRRs expression was found to be more pronounced
in the axillary meristematic (AM) tissue compared to other tissues in lilies. It was also
verified by the VIGs experiment that silencing LlRRs decreases the induction rate of bulbils.
Moreover, LlRRs could bind to the promoters of LlWOX9 and LlWOX11 and promote
their transcription to regulate the bulbil formation [26]. In this study, the B-type ARR
gene (ARR12) was up-regulated in expression at all 6-BA samples. Taken as a whole, we
conclude that CK signaling encourages cell proliferation and is crucial for bulb formation.
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Research conducted on L. lancifolium revealed that the phenomenon of bulb formation
in this particular plant serves as a noteworthy illustration of axillary organogenesis [10].
Simultaneously, auxins play a substantial role in fostering the growth of axillary meristem-
atic tissue cells and the initiation of lateral organs [49]. In yam, high expression of auxin
transporter proteins, including PINs and LAXs, triggered bulbil growth [46]. Research
conducted on Agave tequilana has demonstrated that the upregulation of AtqSoPIN1 expres-
sion can be triggered by the elimination of flower buds, resulting in the accumulation of
auxin [50]. Consequently, this process stimulates the formation of bulbils. In our investi-
gation, it was observed that the genes PIN1 and LAX5 exhibited a significant increase in
expression levels at 10 and 20 days subsequent to the application of 6-BA. This observation
leads to the proposition that the augmented expression of these genes, which are related to
the transport of auxin, might play a crucial role in facilitating the process of lily stem bulblet
formation. In our study, it was discovered that the four ARF genes displayed distinct
patterns of expression at various stages following the induction by 6-BA. Specifically, ARF5
and ARF23 exhibited an increase in expression levels at B10, whereas ARF17 and ARF9
demonstrated an up-regulation at both B10 and B20. Genes related to the auxin signaling
were significantly up-regulated in the sample group after treatment with 2,4-D, especially
ARFs, which were expressed in an up-regulated pattern in the treated group, similar to
our findings [16]. Therefore, we concluded that both 6-BA and 2,4-D could promote auxin
signaling transduction.

In the current study, 6-BA administration upregulated PYL expression while down-
regulating PP2C and SAPK7 expression. As a result, 6-BA administration increased the
expression of downstream genes involved in ABA anabolism, which prevented the growth
of bulbs. In a prior study, the same findings showed that ABA had an inhibiting influence
on bulb growth [43]. Our transcriptome results demonstrated that most BR and JA sig-
naling pathway-related genes were expressed at higher levels in the 6-BA-treated group
compared to the control group. In P. ternate, BR application can increase the content of GA
and BR in bulbils, and decreased the ABA content [51]. A previous study showed that JA
regulates tulip bulbs, and ectopic overexpression of TgLOX4 and TgLOX5 in Arabidopsis
raised endogenous JA levels, promoted plant development, and multiplied the number
of lateral roots [52]. Overall, we hypothesize that BR and JA can positively regulate the
formation of bulbs. In addition, 6-BA treatment up-regulated ETR and down-regulated
EIN and EBF in the ethylene signaling pathway. Together, 6-BA treatment may control the
shift in plant hormone signal transduction to promote the production of stem bulblets.

4.3. TFs Involved in Bulblet Formation

In this study, the WGCNA and transcriptional regulatory modules were analyzed to
screen out the highly connected transcription factors in the modules, and specific analysis
was performed on the hub genes.

The TALE superfamily of genes is ubiquitous in plants and is involved in meristem
development, leaf structure, and tuber formation [53]. It includes two subfamily mem-
bers, KNOTTED1-like homeobox (KNOX) and BEL1-like homeobox (BELL or BLH) [54].
In the model plant Arabidopsis (A. thaliana), the BEL1 transcription factor regulates the
production of lateral progenitors during ovule development and maintenance of the undif-
ferentiated state of the inflorescence meristem by interacting with SHOOT MERISTEMLESS
(STM) [55,56]. PENNYWISE(PNY)/BLH9 and POUND-FOOLISH(PNF)/BLH8 transcrip-
tion factors promote normal meristematic structure both by interacting with BREVIPEDI-
CELLU(BP)/KNAT1 and STM transcription factors in the class I KNOX subfamily [57–59].
In addition, BLH6 can negatively regulate the expression of secondary cell wall-related
genes, and the secondary cell wall of the mutant blh6 is thicker than that of the wild
type [60]. In our study, all three modules were enriched for TALE family transcription
factors, and BLH4 and BLH9 showed high connectivity in the darkgreen and ivory modules,
respectively (Figure 5a,b). These two genes showed genetically down-regulated expression
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at the critical stages of bulb initiation and formation, i.e., B10 and B20, and, therefore, we
hypothesized that they may exercise a negative regulatory role in bulblet development.

The APETALA2/Ethylene Responsive Factor (AP2/ERF) transcription factors have
been shown to integrate multiple stress-related hormones during development to activate
cell division and lead to organogenesis [61]. In Lilium, it was found that external wounding
first activates LoERF109, which is closely related to the auxin metabolic pathway, and
LoERF115, which confers the ability to divide cells during organ regeneration LoERF115 [62–64].
According to a study, EBE has an impact on Arabidopsis cell proliferation, axillary bud
outgrowth, and shoot branching [65]. The AP2 gene in the darkgreen module maintains
high expression at the B10 versus B20 stage and may promote bulb formation (Figure 5a).

An earlier investigation found that the transcription factor AUXIN RESPONSE FAC-
TOR 5 (ARF5) facilitated the initiation of auxin-dependent organs [49]. In old leaf axils
of Arabidopsis, AtARF5 up-regulates the expression of ARGONAUTE10 (AtAGO10) [66],
which can regulate the expression of HD-ZIP III as a target by competing with AtAGO1
and specifically binding to miR166/165, to regulate AM [67]. HD-Zip transcription factors
participate in plant organ and vascular development, meristem maintenance, regulation of
hormones, and participation in responses to environmental conditions [68]. Among them,
PHABULOSA (PHB), PHAVOLUTA (PHV), and REVOLUT (REV) belong to the HD-ZIP III
subfamily, which have overlapping roles in embryogenesis and leaf polarity determination
and are involved in the establishment of root tip bilateral symmetry and shoot apical meris-
tem [69]. In the analysis, the HOX32 transcription factor in darkolivegreen2 module shared
the same structural domain as the transcription factor of HD-Zip III. At the same time,
we were surprised to find that HOX32 and ARF5 showed extremely high connectivity in
the module, with which we boldly predicted that the interaction between these two genes
might be important for bulblet formation, but the exact function needs further experimental
validation (Figure 5c).

SQUAMOSA PROMOTER BINDING PROTEIN LIKE (SPL) controls many aspects of
plant development and physiology, including the vegetative phase change, flowering time,
leaf initiation, shoot and inflorescence branching [70]. In a previous study, miRNA156 could
promote shoot branching and the vegetative to reproductive phase transition by regulating
SPL9 and SPL15 [71]. In lilium, LbrSPL9 and LbrSPL15 could regulate phase transition [72].
In the ivory module, genes encoding SPL15 demonstrated extreme connectivity and we
speculated that the initiation of bulbs may be facilitated (Figure 5b). Through WGCNA
analysis, we similarly screened for MYBs, WRKYs, NACs, GRAs, BHLHs, ARRs, and other
transcription factors, suggesting that the regulation of bulblet initiation is subject to the
synergistic cooperation of multiple transcription factors and that the specific functions
require further analysis.

5. Conclusions

The information gathered in this study provides a fresh perspective for a compre-
hensive understanding of the molecular processes, revealing the molecular mechanisms
through which 6-BA promotes the formation of lily stem bulblets. Based on morphological
and histological analyses, we divided the stimulation of underground stem bulblets by
6-BA into three stages: (1) axillary meristem activation stage (B1–B10), (2) bulblet initiation
stage (axillary meristem formation stage) (B20), and (3) bulblet primordia formation stage
(B25). Transcriptome sequencing was performed on leaf axil samples during the first two
stages, covering three time points (1, 10, 20 days). Through the enrichment of KEGG
pathways based on differentially expressed genes in various comparison groups, it was
observed that 6-BA treatment had a significant impact on “plant hormone transduction”
and “carbohydrate metabolism” pathways. Therefore, we propose a schematic model
based on our findings (Figure 6). The SUS1 gene, which is involved in sucrose synthesis,
was up-regulated at the critical stage, so we hypothesized that sucrose may act as a signal
to promote bulb growth by up-regulating a gene involved in the T6P pathway (TPS6). In
addition, auxin is consumed and transported through up-regulation of auxin conjugated
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gene (GH3.1) and auxin efflux proteins (PIN1 and LAX5) to maintain bulb growth. ARF9,
a gene related to growth hormone signaling, was up-regulated in expression relative to
the control groups during the bulb initiation and formation period (B10 and B20). CK
promotes its growth by rapidly activating the CK receptor (AHK3) gene while raising the
cytokinin type-B response regulators (ARR12). By WGCNA analysis, we obtained the core
transcription factors. It is possible that TFs such as BLHs, ARFs, HD-ZIPs, AP2/ERFs, and
SBPs play a role in mediating cytokinin signaling and promoting stem bulblet formation.

Figure 6. Schematic modeling of gene regulation by auxin, cytokinin, and sucrose during bulblet ini-
tiation and formation. The gene expression levels are standardized into Z-scores, with red indicating
upregulation and green indicating downregulation.

In this study, after 6-BA treatment, genes involved in the synthesis and signal trans-
duction of different phytohormones and starch and sucrose metabolism were differentially
expressed, forming a comprehensive regulatory network to promote bulb formation. To
establish the groundwork for the cultivation of lily cultivars with notable rejuvenation
rates, it is imperative to prioritize additional investigations concerning the functional au-
thentication of pivotal TFs. Furthermore, a more comprehensive exploration of the precise
mechanisms underlying bulb development is warranted.
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Abstract: The chrysanthemum is a perennial herbaceous flower with a long history of cultivation
dating back over 3000 years. The potted chrysanthemum is a significant type and is widely used in
landscaping. Expensive substrate costs, complicated management of water and fertilizer, and uneven
product quality currently plague the potted chrysanthemum industry. This study systematically
investigated the growth status of potted chrysanthemums under different substrates, water, and
fertilizer ratios and established a simplified cultivation system for potted chrysanthemums. The
substitute substrate experiment demonstrated that coir: moss peat: perlite: pine needle mulch = 2:4:2:2
is the most suitable substitute substrate. Research on fertilizer ratios found that chrysanthemums’
best growth and flowering characteristics were achieved with nitrogen, phosphorus, and potassium
concentrations of 336 mg/L, 93 mg/L, and 273 mg/L, respectively. A comprehensive, simplified
cultivation system was established when utilizing T4 substitute substrate (2:4:2:2 ratios of coir, moss
peat, perlite, and pine needle mulch), 40% water capacity, and F9 fertilizer (336 mg/L nitrogen,
93 mg/L phosphorus, and 273 mg/L potassium). This study comprehensively and systematically
explored the cultivation and maintenance schemes in the production of potted chrysanthemums
and built a light, simple, and efficient production technology system of potted chrysanthemums in
the open field suitable for the climatic characteristics of northern China, which provides feasible
technical specifications and a theoretical basis for the refinement and large-scale management of
potted chrysanthemums. This experiment lays the foundations for cost reduction and efficiency in
the potted chrysanthemum industry.

Keywords: potted chrysanthemum; substitute substrates; fertilizers; water

1. Introduction

Chrysanthemum is widely cultivated for ornamental purposes worldwide and has a
long cultivation history [1]. The potted chrysanthemum is popular in horticulture mainly
because of its vivid colors, long flowering duration, and attractive rounded form [2].
Traditional cultivation technologies of potted chrysanthemums lack optimal dosages and
ratios for potted chrysanthemums’ unique needs [3]. They also lack precision in resource
management, leading to overuse or underutilization of inputs such as water, peat, and
fertilizers. These problems seriously restrict the sustainability of potted chrysanthemum
production [4,5].
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Peat is the most commonly utilized substrate component in horticulture out of all
the organic substrates [6]. It features a unique blend of high air space and drainage
qualities, low nutrient content, low pH, high water holding capacity, and excellent chemical,
biological, and physical attributes [7,8]. However, drainage of peatlands for extraction
is one of the significant causes of CO2 and CH4 emissions [9,10]. Harvesting moss peat
has led to numerous environmental concerns. The large-scale drainage of peatlands has
resulted in annual emissions exceeding 2 Gt CO2-eq, with CO2 emissions alone estimated
at 1.3 Gt annually. This accounts for approximately 5.6% of the global anthropogenic CO2
emissions [11]. On the other hand, peat is a non-renewable resource, and the ecology
needs to improve its use of peat bogs. Therefore, there is an urgent need to find other
organic substrates to entirely or partially replace peat. Some organic resources are already
being utilized commercially as alternatives to peat, including compost, coir, bark, and
wood fiber [12,13]. Research is needed to determine optimal organic waste use and mixing
ratios [14,15].

Fertilizer research plays a crucial role in streamlining agricultural production for
crops. Crop growth relies on essential elements nitrogen, phosphorus, and potassium [16].
Understanding the optimal nutrient requirements and application methods enhances crop
yields and promotes resource efficiency. By tailoring fertilization practices to specific crop
needs, researchers contribute to simplifying production processes. This precision in nutrient
management boosts agricultural productivity and minimizes environmental impact by
reducing excess nutrient runoff. Moreover, precision fertilization is paramount in realizing
substantial cost savings in agricultural production. Skillful NPK fertilizer application
can foster plant development, increase dry matter, leaf photosynthetic efficiency, and
root strength [17–19]. Nutrient ratio customization affects traits like germination, flower
pedicel length, and flower amount [20,21]. However, excessive fertilization will lead
to soil compaction and low soil nutrient use efficiency, which is not conducive to the
sustainable and healthy development of crop production, and will also cause profound
nitrate accumulation in soil and crops, which is not conducive to human health [22,23].
Chrysanthemum production and flower cultivations can benefit from precise nitrogen,
phosphorus, and potassium fertilization [24].

Water is vital in crop production, serving as a critical resource that directly influences
plant growth, development, and overall yield. However, water scarcity and extreme
weather events are likely to intensify, which may lead to lower yields and increased yield
volatility [25]. Agriculture is recognized as a substantial consumer of water resources,
utilizing 70% of the world’s freshwater to irrigate 25% of its croplands [26]. Therefore, the
significance of precision irrigation lies in its capacity to address water scarcity challenges,
particularly in regions prone to drought or facing limited water resources. Higher crop
yields with lower water inputs could be achieved by maximizing the efficiency of water
delivery. Moreover, precision irrigation contributes to environmental sustainability by
minimizing the potential negative impacts of excess water usage, such as soil erosion and
nutrient leaching [27–29].

To ensure cost-effectiveness and bloom quality, careful studies about simplified culti-
vation technologies of potted chrysanthemum are required for large-scale chrysanthemum
production [30]. This study systematically investigated the growth status of potted chrysan-
themums under different substrates, water, and fertilizer ratios and laid essential theoretical
and practical foundations for improving the future quality and efficiency of potted chrysan-
themum production.

2. Materials and Methods

2.1. Experimental Site and Materials

C. morifolium ‘Hanluqiushi’ was provided by Beijing Florascape Co., Ltd. The exper-
iment was conducted from July to October 2021 at the Beijing Florascape Co. in Shunyi
District, Beijing, China (40◦21′ N, 116◦51′ E). The average local temperature from July to
October is 24.5 ◦C, with an average of 13.6 h of sunshine. The seedlings were potted on
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July 1st in plastic pots (diameter = 13.5 cm, height = 15.5 cm). A controlled-release fertilizer
with a nitrogen, phosphorus, and potassium ratio of 14:14:14 was mixed in the substrate
at a dosage of 3 kg/m3 with one seedling per pot. Xinyang Guotong Co., Ltd. (Xinyang,
China) provided the coir, and Beijing Florascape Co. supplied the moss peat, pine needle
mulch, and perlite. Urea (containing N: 46%) was used as the nitrogen fertilizer, calcium
superphosphate (containing P2O5: 16%) was used as the phosphate fertilizer, and potas-
sium sulfate (containing K2O: 52%) was used as the potassium fertilizer. Beijing Florascape
Co., Ltd. supplied the recovered substrate from the 2021 and 2022 potted chrysanthemum
substrate that was recycled through open-air composting and primary crushing.

2.2. Experiments on Substitute Substrates

The fermented peanut shell, coir, bark, fungal residue, and rice husk were used to
gradually replace the peat, which was used in the traditional potted substrate (peat: perlite:
pine needle soil = 6:2:2), and 15 composite substrates were formed (T1–T15), peat: perlite:
pine needle soil = 6:2:2 was used as the control group, and T16 and T17 were the recovered
substrate group. The specific substitute substrate ratio is shown in Table 1. A total of
18 experimental groups were set up, including one control group (CK) and 17 treatment
groups (T1–T17), each repeated ten times. Each treatment group was treated with ten pots,
one seedling per pot.

Table 1. Cultivation experiment plan with different substrates.

Treatment Component of Substrate (v/v) The Proportion of Moss Peat (v/v%)

CK Moss peat: Perlite: Pine Needle Soil = 6:2:2 60
T1 Peanut Shells: Moss peat: Perlite: Pine Needle Soil = 2:4:2:2 40
T2 Peanut Shells: Moss peat: Perlite: Pine Needle Soil = 4:2:2:2 20
T3 Peanut Shells: Perlite: Pine Needle Soil = 6:2:2 0
T4 Coir: Moss peat: Perlite: Pine Needle Soil = 2:4:2:2 40
T5 Coir: Moss peat: Perlite: Pine Needle Soil = 4:2:2:2 20
T6 Coir: Perlite: Pine Needle Soil = 6:2:2 0
T7 Bark: Moss peat: Perlite: Pine Needle Soil = 2:4:2:2 40
T8 Bark: Moss peat: Perlite: Pine Needle Soil = 4:2:2:2 20
T9 Bark: Perlite: Pine Needle Soil = 6:2:2 0

T10 Rice Husk: Moss peat: Perlite: Pine Needle Soil = 2:4:2:2 40
T11 Rice Husk: Moss peat: Perlite: Pine Needle Soil = 4:2:2:2 20
T12 Rice Husk: Perlite: Pine Needle Soil = 6:2:2 0
T13 Fungal Residue: Moss peat: Perlite: Pine Needle Soil = 2:4:2:2 40
T14 Fungal Residue: Moss peat: Perlite: Pine Needle Soil = 4:2:2:2 20
T15 Fungal Residue: Perlite: Pine Needle Soil = 6:2:2 0
T16 Recovered substrate (heap rot for one year) 100
T17 Recovered substrate (heap rot for two years) 100

Watering during cultivation was conducted before 10:00 every day according to
weather conditions. Other cultivation management measures were treated the same except
for the test conditions.

After potting, plants were watered once a day, and water-soluble fertilizer was applied
once a week. We used LARRY (Wuhan Greencare Fertilizers Co., Ltd., Wuhan, China), a
water-soluble fertilizer with a ratio of nitrogen, phosphorus, and potassium 20:10:20 in the
growth period.

2.3. Experiments on Nitrogen–Phosphorus–Potassium Rationing

The fertilizer program including a control group (Clear water treatment) and LARRY
fertilizer (water-soluble fertilizer commonly used in floriculture production, N: P: K = 20:10:20,
Wuhan Greencare Fertilizers Co., Ltd., Wuhan, China) is shown in Table 2. It was applied
using a three-factor, three-level, completely randomized group orthogonal experimental
design. A total of 100 mL of the fertilizer solution was applied to each flower container once
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the fertilizer had been equally distributed and dissolved in the water. The concentration of
the fertilizer was ascertained and converted into the appropriate mass. During fertilization,
fertilizer was dissolved in water and placed evenly in pots, and 100 mL of fertilizer solution
was added to each pot each time. Five pots, one seedling per pot, were treated by each
treatment group.

Table 2. Fertilization plan.

Treatment N (mmol·L−1) P (mmol·L−1) K (mmol·L−1)

LR * 3 1.5 3
CK * 0 0 0

F1 N1 (8) P1 (1) K1 (3.5)
F2 N1 (8) P2 (2) K2 (7.0)
F3 N1 (8) P3 (3) K3 (10.5)
F4 N2 (16) P1 (1) K2 (7.0)
F5 N2 (16) P2 (2) K3 (10.5)
F6 N2 (16) P3 (3) K1 (3.5)
F7 N3 (24) P1 (1) K3 (10.5)
F8 N3 (24) P2 (2) K1 (3.5)
F9 N3 (24) P3 (3) K2 (7.0)

* Note: LR: treated with LARRY fertilizer, a water-soluble fertilizer commonly used in floriculture production,
N:P:K = 20:10:20; CK: control group treatment.

2.4. Experiments on Substrate and Water-Fertilizer Rationing

The N3P3K2 (24 mmol/L N, 3.0 mmol/L P, and 7.0 mmol/L K, which was tested as
the best NPK ratio through the experiment above) was chosen as the reference for this
experiment. Three gradients of substrate treatments were referenced from our previous
study, including the poor substrate combination (coir: perlite: pine needle mulch = 6:2:2),
the best substrate combination (coir: moss peat: perlite: pine needle mulch = 2:4:2:2), and
the substrate combination typically used in production. The percentage of saturated water
capacity was used to express the three moisture treatments (W1, W2, and W3), and the
weighing method was used to manage the moisture levels. Three concentration gradients
of N3P3K2 (0.5×, 1×, and 1.5×) were established for fertilizer. The detailed experimental
plan is shown in Table 3. The concentration of the fertilizer was ascertained and converted
into the appropriate mass. During fertilization, fertilizer was dissolved in water and placed
evenly in pots, and 100 mL of fertilizer solution was added to each pot each time. Three
pots, one seedling per pot, were treated by each treatment group.

Table 3. Substrate and water fertilizer combination test plan.

Treatment Water Capacity Fertilizer Concentration Substrate (v/v)

X1 40% 0.5 Coir: Perlite: Pine Needle Soil = 6:2:2
X2 40% 1.0 Moss peat: Perlite: Pine Needle Soil = 6:2:2

X3 40% 1.5 Coir: Moss peat: Perlite: Pine Needle Soil
= 2:4:2:2

X4 60% 0.5 Moss peat: Perlite: Pine Needle Soil =6:2:2

X5 60% 1.0 Coir: Moss peat: Perlite: Pine Needle Soil
= 2:4:2:2

X6 60% 1.5 Coir: Perlite: Pine Needle Soil = 6:2:2

X7 80% 0.5 Coir: Moss peat: Perlite: Pine Needle Soil
= 2:4:2:2

X8 80% 1.0 Coir: Perlite: Pine Needle Soil = 6:2:2
X9 80% 1.5 Moss peat: Perlite: Pine Needle Soil = 6:2:2

2.5. Measurement of Growth and Physiological Indices

After 80 days of cultivation, growth parameters including height, crown diameter,
stem diameter, flower numbers, flower diameter, chlorophyll content, photosynthetic index,
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shoot dry weight, shoot fresh weight, total N, total P, and total K were measured. The
detailed methods were adopted from a previous study [31–33].

2.5.1. Determination of Physical Properties of Substrates

The extracts were obtained by saturation extraction, pH was determined by a pH
acidity meter (Potentiometric method), and EC values were determined by a DDS-307
conductivity meter.

A ring knife with a volume of 200 mL was used; the ring knife was weighed to W0
mass, filled with a naturally dried mixed matrix, weighed as W1, and soaked in water for
24 h, weighed as W2. Soil bulk density and total porosity are calculated according to the
following formula:

Bulk density = (W1 − W0)
/

200

Total porosity = (W1 − W0)
/

200 × 100%

2.5.2. Plant Height and Crown Width

A ruler was used to measure the height from the base of the chrysanthemum rhizome
to the highest branch (accurate to 0.01 cm).

2.5.3. Photosynthetic Index

Measurements were made with a portable plant photosynthetic instrument (LI-6400,
LI-COR Biosciences, Beijing, China). Three plants were selected for each treatment, three
mature leaves in the middle and periphery of each plant were selected for measurement,
and the average value was calculated. Assay times were 9–11 a.m. The net photosyn-
thetic rate (Pn) (accurate to 0.001 μmol CO2/(m2·s)), transpiration rate (Tr) (accurate to
0.001 mmol H2O/(m2·s)), intercellular CO2 concentration (Ci) (accurate to 0.001 μmol/mol),
and stomatal conductance (Gs) (accurate to 0.001 mol H2O/(m2·s)) were measured.

2.5.4. Flower Diameter

When the potted chrysanthemum was in full bloom, the largest flower diameter was
measured using vernier calipers; 3 plants were selected for each treatment, five flowers
were taken from each plant to measure, and the average value was calculated (accurate to
0.01 mm).

2.5.5. Determination of Fresh and Dry Weight of Shoots

The chrysanthemums were cut from the rhizomes, and the above-ground parts were
kept and weighed with an electronic balance to determine the fresh weight (accurate to
0.01 g). Then, they were put in an oven at 120 ◦C for 30 min, dried at 80 ◦C to constant
weight, and weighed with an electronic balance to determine the dry weight (accurate
to 0.01 g).

2.5.6. Analysis of Plant Nutrients

Plant samples were crushed into a powder in a grinder for biomass analysis, and the
powder was subsequently filtered through a sieve with a mesh size of 100. H2SO4–H2O2
was used to filter the abrasive material (0.2 g). The total nitrogen concentration was
ascertained using the Kjeldahl nitrogen determination method and the KDY-9820 auto-
matic nitrogen ion meter. The molybdenum phosphate yellow technique and the UV-2550
UV-Vis spectrophotometer were used to calculate the total phosphorus concentrations.
SpectraAA220 atomic absorption spectrometry was used to measure total K concentrations.

2.6. Statistical Analysis

One-way analysis of variance (ANOVA) and principal component analysis (PCA)
were performed using SPSS 21.0, containing all the indices, and multiple comparisons
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were performed using Duncan’s test for significant differences (p < 0.05). The results were
plotted using GraphPad Prism 8.

3. Results

3.1. Effects of Substitute Substrates on the Growth and Physiological Indices of Potted Chrysanthemum
3.1.1. Analysis of Physicochemical Properties of Different Substrates

Table 4 displays the physicochemical characteristics of several substitute substrates.
The recovery matrix T17 group had the highest bulk density, while the coir matrix T6
group had the lowest. In contrast to the CK group, the bulk density of the substrate
entirely substituted with bark (T9), rice husk (T12), and fungal residue (T15) increased,
whereas the bulk density of the substrate substituted with peanut shell (T3) and coir (T6)
decreased. Regarding total porosity, coir substrate T6 had the most extensive total porosity,
and recovered matrix T16 had the most minor total porosity. The substitute substrate group
of peanut shell (T1, T2, T3) and coir (T4, T5, T6) increased compared with the CK group. In
contrast, the substitute substrate group of bark (T7, T8, T9), rice husk (T10, T11, T12), and
fungal residue (T13, T14, T15) decreased compared with the control group. Regarding the
EC value, the EC value of the T12 group was the highest, while that of the T17 group was
the most minor. The recovery substrates (T16, T17) decreased compared with the control
group, and the rest increased. In terms of pH value, the pH value of T10 was the smallest,
while that of T17 was the largest, the substitute substrate group of rice husk (T10, T11, T12)
was acidic, and the other groups were neutral or weakly alkaline. The T17 treatment group
was alkaline, and the other groups were within the appropriate range.

Table 4. Physicochemical properties of different substrates.

Treatment
Bulk Density

(g/cm3)
Total Porosity(%) EC(mS/cm) pH

Total N
(g/100 g)

Total P
(g/100 g)

Total K
(g/kg)

CK 0.25 70.3 0.45 7.11 1.84 0.19 11.28
T1 0.24 73.2 0.74 7.68 1.79 0.24 11.88
T2 0.22 77.6 0.94 7.76 1.53 0.20 7.95
T3 0.18 81.4 1.04 7.85 1.52 0.50 20.18
T4 0.21 77.4 0.51 7.21 1.39 0.14 13.70
T5 0.18 79.1 0.65 7.35 1.33 0.21 14.83
T6 0.15 82.6 1.21 7.68 0.72 0.17 20.46
T7 0.26 68.9 0.52 7.27 1.26 0.15 11.88
T8 0.29 65.3 0.71 7.33 0.96 0.13 10.79
T9 0.43 60.7 0.97 7.57 0.76 0.16 8.02
T10 0.27 53.7 0.76 6.73 1.69 0.48 16.82
T11 0.35 64.9 1.21 6.81 1.64 0.46 17.71
T12 0.52 60.3 1.42 6.85 1.39 0.56 16.55
T13 0.38 61.3 0.93 7.39 1.31 0.33 14.53
T14 0.43 66.7 1.14 7.42 1.12 0.28 13.28
T15 0.63 70.4 1.52 7.53 1.00 0.48 16.39
T16 0.72 40.1 0.37 7.71 / / /
T17 0.78 48.3 0.21 8.12 / / /

The total nitrogen content was the highest in CK, followed by the T3 substitute
substrate, and the lowest in the T6 substitute substrate. The entire nitrogen content of
the substitute substrate group of peanut shells (T1, T2, T3) and rice husks (T11, T12, T13)
was higher than the rest. The total nitrogen content decreased with the decrease in peat
in all substitute substrate groups. The entire phosphorus content was the highest in the
T12 substitute substrate and the lowest in the T8 substitute substrate. The total potassium
content was the highest in the T6 substitute substrate and the weakest in T3. The total
phosphorus content increased as the peat decreased in all substitute substrate groups. The
organic carbon content was the highest in CK and the lowest in T15. As the moss peat
content decreased, the organic carbon content in all substrates decreased.
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3.1.2. Effects of Substitute Substrates on Growth Indices of C. morifolium ‘Hanluqiushi’

The plants’ growth indices of ‘Hanluqiushi’ under various circumstances are shown in
Table 5. Gradually rising fertility was accompanied by progressive plant height and crown
diameter increases.

Table 5. Effects of substitute substrates on the height and crown diameter of potted chrysanthemum.

No.
Height (cm) Crown Diameter (cm)

20 d 40 d 60 d 80 d 20 d 40 d 60 d 80 d

CK 4.8 ± 1.0 bcdef * 9.4 ± 0.8 abc 12.9 ± 1.1 abc 16.5 ± 1.0 cd 7.0 ± 1.1 ab 17.9 ± 1.9 a 24.7 ± 1.9 a 26.5 ± 1.3 abc
T1 5.6 ± 0.5 abc 9.6 ± 1.5 abc 13.0 ± 0.8 abc 15.9 ± 0.8 cde 5.7 ± 1.0 cdefghi 16.3 ± 1.1 abc 22.2 ± 0.9 bc 27.5 ± 1.5 a
T2 5.2 ± 0.9 abcde 9.7 ± 0.5 abc 11.7 ± 1.1 cde 14.3 ± 0.3 g 4.7 ± 0.5 ij 14.9 ± 1.1 cde 21.0 ± 0.5 cd 22.8 ± 0.3 d
T3 4.4 ± 0.3 ef 8.5 ± 0.1 cd 10.8 ± 1.2 ef 13.3 ± 0.3 h 5.3 ± 0.9 abcde 10.9 ± 1.3 gh 17.0 ± 0.6 f 17.8 ± 0.8 fg
T4 5.7 ± 0.4 ab 10.5 ± 1.8 a 14.2 ± 1.1 a 18.9 ± 0.7 a 6.5 ± 0.5 abcdef 14.8 ± 1.8 cde 20.9 ± 1.1 cd 27.7 ± 0.9 a
T5 5.7 ± 0.9 abc 9.7 ± 1.2 abc 12.1 ± 0.7 bcde 15.3 ± 1.1 efg 6.6 ± 0.4 abcde 15.6 ± 1.0 bcd 23.0 ± 0.5 ab 25.1 ± 1.1 c
T6 4.7 ± 0.4 cdef 8.3 ± 0.4 cd 9.7 ± 0.8 f 11.3 ± 1.4 j 5.1 ± 0.2 hij 12.5 ± 0.7 fg 15.2 ± 0.8 g 17.8 ± 0.8 fg
T7 4.9 ± 0.8 abcdef 8.9 ± 0.3 bcd 12.2 ± 1.2 bcde 15.3 ± 0.4 efg 6.3 ± 0.6 abcdefg 16.0 ± 1.3 abcd 19.8 ± 2.9 de 25.1 ± 0.8 c
T8 5.5 ± 0.6 abcd 10.5 ± 0.6 a 12.6 ± 0.3 bc 16.7 ± 0.3 bc 6.8 ± 0.9 abc 16.4 ± 1.1 abc 21.7 ± 1.9 bc 26.8 ± 0.8 ab
T9 5.9 ± 0.4 a 9.4 ± 1.0 abc 12.8 ± 1.7 abc 15.0 ± 0.4 efg 5.8 ± 0.3 cdefgh 17.3 ± 0.8 ab 20.8 ± 0.7 cd 22.5 ± 1.3 d

T10 5.4 ± 0.5 abcd 9.1 ± 0.6 bcd 12.8 ± 1.2 abc 17.5 ± 0.5 b 6.7 ± 0.4 abcd 17.7 ± 1.0 ab 20.6 ± 1.0 cd 26.0 ± 0.5 bc
T11 5.8 ± 1.0 ab 10.1 ± 0.9 ab 12.3 ± 0.3 bcd 16.3 ± 0.6 cd 7.4 ± 1.4 a 16.4 ± 1.2 abc 20.9 ± 0.6 cd 25.3 ± 0.6 c
T12 4.5 ± 0.2 def 7.9 ± 0.4 de 11.6 ± 0.7 cde 15.0 ± 0.3 efg 5.4 ± 0.5 fghi 12.9 ± 1.0 efg 17.3 ± 0.3 f 19.5 ± 0.9 e
T13 5.4 ± 0.5 abcd 9.0 ± 1.0 bcd 13.5 ± 0.6 ab 15.7 ± 0.4 def 6.2 ± 0.1 abcdefgh 15.9 ± 0.7 abcd 21.0 ± 1.2 cd 22.3 ± 1.3 d
T14 2.9 ± 0.2 g 7.8 ± 0.4 de 11.1 ± 1.4 def 14.8 ± 0.2 fg 4.1 ± 0.4 j 14.2 ± 2.0 cdef 18.4 ± 1.1 ef 22.2 ± 0.3 d
T15 4.1 ± 1.0 f 8.0 ± 0.4 de 10.9 ± 0.7 def 15.0 ± 0.2 efg 5.6 ± 0.7 defghi 14.0 ± 0.8 def 18.2 ± 0.7 ef 18.2 ± 1.1 ef
T16 4.2 ± 0.4 ef 6.9 ± 0.7 e 8.0 ± 0.5 g 12.7 ± 0.6 hi 6.0 ± 0.5 bcdefgh 10.1 ± 0.8 h 12.3 ± 0.6 h 19.0 ± 0.9 ef
T17 4.4 ± 0.1 def 5.0 ± 0.6 f 7.4 ± 0.1 g 12.0 ± 1.0 ig 5.5 ± 0.6 efghi 7.6 ± 1.0 i 10.0 ± 1.1 i 16.7 ± 1.5 g

* Note: Data are mean ± standard error (n = 3); different lowercase letters indicate significant differences (p < 0.05).

At 80 days of cultivation, the plant height of the potted chrysanthemum treated with
traditional cultivation substrate CK was 16.47 cm, and the highest plant height was 18.87 cm
in the T4 treatment group, which was significantly 114.6% higher than that of the CK group.
The lowest was 8.87 cm in the T6 treatment group, significantly different from the CK group.
In terms of crown diameter, the crown width of the CK group was 26.5 cm. The crown
width of the T4 treatment group was the largest, 27.73 cm, 104.6% larger than that of the
CK group. The T17 treatment group had the smallest crown width, 16.67 cm, significantly
smaller than the CK group.

3.1.3. Effects of Substitute Substrates on Physiological Indices of C. morifolium ‘Hanluqiushi’

As is shown in Figure 1a–d, different treatments affected the photosynthetic indexes
of ‘Hanluqiushi’. Regarding the net photosynthetic rate, the CK group had the highest
photosynthetic rate, while the T17 treatment group had the lowest, significantly different
from the CK group. Moreover, the stomatal conductance was the highest in the T2 treatment
group and the smallest in the T10 treatment group. Regarding intercellular carbon dioxide
concentration, the T17 treatment group was the highest and the T8 treatment group was
the lowest, while the transpiration rate was the highest in the T10 treatment group and the
lowest in the T6 treatment group.

As is shown in Figure 2, significant differences existed in the fresh and dry weight of
shoots of chrysanthemum cultivated in different substrate treatment groups (p < 0.05). The
fresh weight of the shoots in the CK treatment group was 241.9 g. The T8 treatment group
had the most significant fresh weight, which was 284.48 g, an increase of 117.6% compared
with the CK group, while the T17 group, which was the most minor (48.21 g) was 80.1%
lower than that of the CK group. The fresh weight of the T8 and T4 treatment groups was
significantly higher than that of the CK group. Regarding dry weight, the dry weight of the
shoots of the CK treatment group was 52.7 g. Among the treatment groups, the dry weight
of the T7 treatment group was the largest, reaching 54.68 g, which was 103.7% higher than
that of the CK group, while the dry weight of the T17 treatment group was the smallest at
8.63 g, 83.6% lower than that of the CK group.
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(a) (b) 

  
(c) (d) 

Figure 1. Effect of substitute substrates on the physiological indices of potted chrysanthemums:
(a) Intercellular CO2 concentration (vertical coordinate: Ci; mmol H2O/m2·s); (b) Stomatal conduc-
tance (vertical coordinate: Gs; μmol CO2/m2·s); (c) Transpiration rate (vertical coordinate: Tr; mmol
H2O/m2·s); (d) Net photosynthetic rate (vertical coordinate: Pn; μmol CO2/m2·s). The horizontal
coordinates represent the 18 treatment groups CK, T1-T17. Data are mean ± standard error (n = 3).
Different lowercase letters indicate significant differences (p < 0.05), as determined by Duncan’s
multiple range test.

 
Figure 2. Effect of substitute substrates on the biomass of potted chrysanthemums. The vertical
coordinate represents the weight (g). The horizontal coordinates represent the 18 treatment groups
CK, T1–T17. Data are mean ± standard error (n = 3). Different lowercase letters indicate significant
differences (p < 0.05), as determined by Duncan’s multiple range test.
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3.1.4. Effects of Substitute Substrates on Blooming Indices of C. morifolium ‘Hanluqiushi’

As is shown in Figures 3 and 4, during the entire flowering period of ‘Hanluqiushi’,
the chrysanthemum growth of the T6 and T17 treatment groups was significantly weaker
than that of the CK group, and the T17 treatment group was the weakest. Significant
differences existed in the ‘Hanluqiushi’ flower diameter cultivated with the different
substrates (p < 0.05). The flower diameter of the CK group was 48.88 mm, while that of the
T4 treatment group was the largest (52.37 mm), which was 7.1% higher than that of the
control group. The flower diameter of the T16 treatment group was the smallest (36.38 mm),
which was 25.6% smaller than that of the control group.

Figure 3. Effect of substitute substrates on the flower diameter of potted chrysanthemums. The
vertical coordinate represents the flower diameter (mm). The horizontal coordinates represent the
18 treatment groups CK, T1–T17. Different lowercase letters indicate significant differences (p < 0.05),
as determined by Duncan’s multiple range test.

 

Figure 4. Effect of substitute substrates on the flower quality of potted chrysanthemums.

3.1.5. Comprehensive Evaluation of Substitute Substrates

According to the Figure 5, nine indicators for potted chrysanthemums with various
nitrogen, phosphorus, and potassium ratios were evaluated using principal component
analysis (PCA). Three significant components, accounting for 89.26% of the total variance,
were retrieved. Principal component scores (F) and growth indicators were shown to
be related. Table 6 presents the final scoring formulas for each principal component.
Chrysanthemum growth was evaluated thoroughly using composite ratings (F). The score
for treatment group T4 (coir: moss peat: perlite: pine needle soil = 2:4:2:2) was 1.27,
followed by T5 (coir: moss peat: perlite: pine needle soil = 4:2:2:2) with 1.20, while the
control group CK came in seventh overall with a score of 0.23. Using this analysis, the best
substitute substrate can be chosen for improved chrysanthemum production, shown in
Table 7. According to the integrated evaluation of the principal component analysis, the
combined performance of the T4 treatment group was significantly better than that of the
CK and the T4 treatment groups (coir: moss peat: perlite: pine needle soil = 2:4:2:2) was the
best substitute substrate under the traditional cultivation substrate conditions.
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Figure 5. Principal component analysis for substitute substrates.

Table 6. Final score formula for the three principal components of substitute substrates.

Principal Component Score Formula

1 Y = 0.189X1 + 0.185X2 + 0.197X3 + 0.197X4 + 0.174X5 +
0.004X6 − 0.105X7 + 0.028X8 + 0.124X9

2 Y = −0.124X1 + 0.017X2 + 0.020X3 − 0.025X4 + 0.073X5 +
0.313X6 + 0.290X7 + 0.349X8 + 0.222X9

3 Y = −0.040X1 + 0.489X2 + 0.312X3 + 0.326X4 − 0.837X5 +
0.611X6 + 0.278X7 − 0.526X8 − 0.172X9

Table 7. Comprehensive evaluation of substitute substrates.

No. F 1 F 2 F 3 F Rank

CK 0.428 0.107 −1.004 0.228 7
T1 0.623 0.616 0.622 0.621 3
T2 0.290 1.355 −0.547 0.587 4
T3 −0.934 −0.348 −0.225 −0.694 16
T4 1.094 1.870 −0.164 1.269 1
T5 1.364 0.949 0.923 1.198 2
T6 −2.055 1.995 −0.416 −0.608 15
T7 0.532 −0.599 1.506 0.222 8
T8 0.422 0.078 0.227 0.295 6
T9 −0.319 −1.290 0.462 −0.589 14

T10 0.739 −1.091 1.178 0.163 9
T11 0.352 −0.401 −0.070 0.075 10
T12 0.203 −1.045 −2.621 −0.395 12
T13 0.684 0.050 −0.285 0.411 5
T14 0.271 −0.861 −0.392 −0.146 11
T15 −0.175 −0.937 −0.999 −0.481 13
T16 −1.479 −0.424 1.424 −0.940 17
T17 −2.038 −0.026 0.381 −1.214 18
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3.2. Effects of Nitrogen, Phosphorus, and Potassium Ratios on the Growth and Physiological
Indices of Potted Chrysanthemum
3.2.1. Effects of Nitrogen, Phosphorus, and Potassium Ratios on C. morifolium ‘Hanluqiushi’
Growth Indices

The plants’ growth indices of ‘Hanluqiushi’ under various circumstances are shown
in Table 8. Gradually rising fertility was accompanied by progressive increases in plant
height, crown diameter, and stem diameter. The fertilizer level influenced the substantial
difference in plant height across treatments (p < 0.05). At day 80, the plants in the LR, F3,
and F6 treatment groups were the tallest, the LR and F9 treatment groups had the largest
crown diameter, and the F9 treatment group had the thickest stems.

3.2.2. Effects of Nitrogen, Phosphorus, and Potassium Ratios on Physiological Indices of
C. morifolium ‘Hanluqiushi’

To assess the effects of different fertilizer treatments on potted chrysanthemums, we
focused on comparing the biomass, chlorophyll content, and nutrient content of the whole
plant at the 80 days of cultivation (Figures 6 and 7). Significant interactions between
different ratio treatments and organs were observed, greatly influencing the nutrient
content (p < 0.05). The shoot fresh weight of the aerial parts in the CK treatment group was
14.76 g. The F9 treatment group had the highest fresh weight of 52.29 g, 354.27% higher
than the control group. The dry weight of the aerial parts of the CK treatment group was
3.38 g. The maximum dry weight of the F4 treatment group was 12.60 g, which was 372.78%
higher than that of the control group, and the CK dry weight was the lowest in the control
group. The F9 treatment group had the most incredible chlorophyll content (118.28%
of CK).

Regarding the total nitrogen (TN) content and total phosphorus (TP) content, the TN
content ranged between 2.99 to 44.37 g·100 g−1, while the F9 treatment group had the
highest TN content. Although variations in the TP content were negligible, fertilization
significantly increased the TP content of all plants. The F6 treatment group exhibited the
highest increase in TP content (222.48% of CK). For the total potassium (TK) content, all
treatment groups showed a significant deviation from the CK. The LR and F9 treatment
groups had the highest TK content (221.74% and 216.60% of CK, respectively).

(a) 

 

(b) 

Figure 6. Cont.
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(c) (d) 

Figure 6. Effect of chlorophyll content, nitrogen, phosphorus, and potassium ratio on the total chlo-
rophyll content and N/P/K of potted chrysanthemums: (a) The total chlorophyll content (SPAD);
(b) Total N (g/100 g); (c) Total P (g/100 g); (d) Total K (g/100 g). The horizontal coordinates represent
the 11 treatment groups CK, LR, and F1-F9. Data are mean ± standard error (n = 5). Different
lower-case letters indicate significant differences (p < 0.05), as determined by Duncan’s multiple
range test.

Figure 7. Effect of nitrogen, phosphorus, and potassium ratio on the biomass of potted chrysanthe-
mums. The horizontal coordinates represent the 11 treatment groups (CK, LR, and F1–F9). Data are
mean ± standard error (n = 5). Different lowercase letters indicate significant differences (p < 0.05), as
determined by Duncan’s multiple range test.
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3.2.3. Effects of Nitrogen, Phosphorus, and Potassium Ratios on Flower Qualities of
C. morifolium ‘Hanluqiushi’

As is shown in Figures 8 and 9, regarding the number of flowers, the X9 group had the
most, 172.80, while the CK group had the fewest, 41.80. Concerning flower diameter, the
X5 group had the biggest (55.16 mm), while the CK group had the smallest (43.94 mm).

 
(a) (b) 

Figure 8. Effect of nitrogen, phosphorus, and potassium ratio on the flowering number and diameter
of potted chrysanthemums: (a) Flower diameter (mm); (b) Flower number. The horizontal coordinates
represent the 11 treatment groups (CK, LR, and F1–F9). Data are mean ± standard error (n = 5).
Different lowercase letters indicate significant differences (p< 0.05), as determined by Duncan’s
multiple range test.

 

Figure 9. Effect of nitrogen, phosphorus, and potassium ratio on the flowering quality of potted
chrysanthemums.

3.2.4. Comprehensive Evaluation of Nitrogen, Phosphorus, and Potassium
Fertilizer Rationing

As shown in Figure 10, eleven indicators for potted chrysanthemums with various
nitrogen, phosphorus, and potassium ratios were evaluated using principal component
analysis (PCA). Four significant components, accounting for 85.25% of the total variance,
were retrieved. Principal component scores (F) and growth indicators were shown to
be related. Table 9 presents the final scoring formulas for each principal component.
Chrysanthemum growth was evaluated thoroughly using composite ratings (F). The score
for treatment group X9 (N3 P3 K2) was 0.83, was followed by LR with 0.72, while the
control group CK came in eleventh overall with a score of 0.19. With use of this analysis,
the best nutrient ratios can be chosen for improved chrysanthemum production, as shown
in Table 10. According to the integrated evaluation of the principal component analysis, the
combined performance of the X9 treatment group was significantly better than that of the
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CK and LR, and the X9 treatment group (N3 P3 K2) was the best NPK fertilizer program
under the traditional cultivation substrate conditions.

 
(a) 

 
(b) 

Figure 10. Principal component analysis for nitrogen, phosphorus, and potassium fertilizer ration-ing.
(a) PCA between CK and other treatments; (b) PCA between different treatments.

Table 9. Final score formula for the three principal components of nitrogen, phosphorus, and po-
tassium fertilizer rationing.

Principal Component Score Formula

1 Y = 0.104X1 + 0.142X2 + 0.083X3 + 0.08X4 + 0.139X5 +
0.121X6 + 0.103X7 + 0.13X8 + 0.161X9 + 0.136X10 + 0.154X11

2 Y = 0.288X1 + 0.177X2 + 0.237X3 − 0.3X4 − 0.015X5 − 0.081X6 +
0.334X7 − 0.244X8 − 0.109X9 − 0.183X10 + 0.02X11

3 Y = −0.407X1 − 0.306X2 + 0.414X3 − 0.161X4 + 0.177X5 +
0.406X6 + 0.115X7 + 0.182X8 − 0.135X9 − 0.274X10 + 0.097X11

4 Y = 0.016X1 + 0.184X2 + 0.583X3 + 0.57X4 + 0.261X5 −
0.446X6 − 0.207X7 + 0.085X8 − 0.014X9 − 0.322X10 − 0.341X11

Table 10. Comprehensive evaluation of nitrogen, phosphorus, and potassium fertilizer rationing.

No. F 1 F 2 F 3 F 4 F Rank

LR 0.79608 1.17602 −2.23594 0.36924 0.721133 2
CK −2.62065 −0.11042 −0.49501 0.96326 0.188883 11
X1 −0.50485 −0.77516 0.30873 0.17846 0.476229 10
X2 −0.05415 −0.46167 −0.81387 −1.38358 0.492573 9
X3 −0.10074 1.36793 0.39266 −0.29265 0.679201 4
X4 −0.22755 1.82108 1.36269 −0.62273 0.719399 3
X5 0.51626 −0.83428 0.78928 −0.55996 0.628747 6
X6 0.55854 −0.62173 −0.6976 −0.7094 0.593011 7
X7 0.39555 −0.20306 0.77807 −0.22384 0.660954 5
X8 0.04062 −1.2068 0.09926 −0.09379 0.515717 8
X9 1.20088 −0.15191 0.51173 2.37498 0.832422 1
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3.3. Effects of Substrate, Water, and Fertilizer Ratio on the Growth and Physiological Indices of
Potted Chrysanthemum
3.3.1. Effect of Substrate, Water, and Fertilizer Ratio on the Growth Indices of
C. morifolium ‘Hanluqiushi’

The plants’ growth indices of ‘Hanluqiushi’ under various circumstances are shown
in Table 11. Gradually rising fertility was accompanied by progressive plant height, crown
diameter, and stem diameter increases. The fertilizer level influenced the substantial
difference in plant height across treatments (p < 0.05). At day 80, the plants in the W1, W5,
and W6 treatment groups were the tallest, the W6 treatment group had the largest crown
diameter, and the W2, W4, and W6 treatment groups had the thickest stems.

3.3.2. Effect of Substrate, Water, and Fertilizer Ratio on the Physiological Indices of
C. morifolium ‘Hanluqiushi’

To assess the effects of different fertilizer treatments on potted chrysanthemums, we
focused on comparing the biomass, chlorophyll content, and nutrient content of the whole
plant at the 80 days of cultivation (Figures 11 and 12). Significant interactions between
different ratio treatments and organs were observed, greatly influencing the nutrient content
(p < 0.05). The shoot fresh weight of the aerial parts in the W1 treatment group was 24.55 g.
The W4 treatment group had the highest fresh weight of 43.01 g, 175.19% higher than the
control group. The dry weight of the aerial parts of the W1 treatment group was 5.78 g. The
maximum dry weight of the W6 treatment group was 7.56 g, which was 130.80% higher
than that of the control group, and the CK dry weight was the lowest in the control group.
The W6 treatment group had the most incredible chlorophyll content (126.84% of CK).

Regarding the total nitrogen (TN) content and total phosphorus (TP) content, the TN
content ranged between 2.95 to 4.10 g·100 g−1, while the W2 treatment group had the
highest TN content. Although variations in the TP content were negligible, fertilization
significantly increased the TP content of all plants. The W7 treatment group exhibited the
highest increase in TP content (119.72% of W1). For the total potassium (TK) content, the
W9 treatment group had the highest TK content (101.62% of W1).

 

(a) (b) 

Figure 11. Cont.
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(c) (d) 

Figure 11. Effect of substrate, water, and fertilizer on the total chlorophyll content and N/P/K
of potted chrysanthemums: (a) Total chlorophyll content (SPAD); (b) Total N (g/100 g); (c) Total
P (g/100 g); (d) Total K (g/100 g). The horizontal coordinates represent the 9 treatment groups
(W1–W9). Data are mean ± standard error (n = 5). Different lowercase letters indicate significant
differ-ences (p < 0.05), as determined by Duncan’s multiple range test.

Figure 12. Effect of substrate, water, and fertilizer on the biomass of potted chrysanthemums. The
horizontal coordinate represents the 9 treatment groups (W1–W9). Data are mean ± standard
error (n = 3). Different lowercase letters indicate significant differences (p < 0.05), as determined by
Duncan’s multiple range test.
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3.3.3. Effects of Substrate, Water, and Fertilizer Ratio on Flower Qualities of
C. morifolium ‘Hanluqiushi’

As is shown in Figures 13 and 14, regarding the number of flowers, the W4 group had
the most (159.30), while the W7 group had the fewest (56.33). Concerning flower diameter,
the W6 group had the biggest (52.67 mm), while the W8 group had the smallest (38.73 mm).

 
(a) (b) 

Figure 13. Effect of substrate, water, and fertilizer on the flower diameter and number of potted
chrysanthemums: (a) Flower diameter (mm); (b) Flower number. The horizontal coordinates repre-
sent the 9 treatment groups (W1–W9). Data are mean ± standard error (n = 3). Different lowercase
letters indicate significant differences (p < 0.05), as determined by Duncan’s multiple range test.

 

Figure 14. Effect of substrate, water, and fertilizer on the flower quality and number of potted
chrysanthemums.

3.3.4. Integrated Evaluation of Substrate and Water Fertilization

As is shown in Figure 15, eleven indicators for potted chrysanthemums with various
nitrogen, phosphorus, and potassium ratios were evaluated using principal component
analysis (PCA). Four significant components, accounting for 89.25% of the total variance,
were retrieved. Principal component scores (F) and growth indicators were shown to be
related. Table 12 presents the final scoring formulas for each principal component. Chry-
santhemum growth was evaluated thoroughly using composite ratings (F). The score for
treatment group W6 was 0.69, followed by W4 with 0.66, while W7 came in ninth with a
score of 0.21. With use of this analysis, the best substrate and water fertilization can be
chosen for improved chrysanthemum production, as shown in Table 13. According to the
integrated evaluation of the principal component analysis, the combined performance of
the W6 treatment group was significantly better than that of the others, and the W6 treat-
ment group was the best substrate and water fertilization under the traditional cultivation
substrate conditions.
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Figure 15. Principal component analysis for substrate and water fertilization.

Table 12. Final score formula for the four principal components of substrate and water fertiliza-tion.

Principal Component Score Formula

1 Y = 0.079X1 + 0.214X2 + 0.15X3 + 0.144X4 + 0.173X5 +
0.135X6 + 0.192X7 + 0.134X8 − 0.092X9 − 0.114X10 + 0.016X11

2 Y = −0.031X1 + 0.012X2 − 0.088X3 + 0.012X4 + 0.103X5 +
0.301X6 − 0.132X7 − 0.243X8 + 0.243X9 − 0.234X10 + 0.406X11

3 Y = 0.219X1 − 0.062X2 + 0.286X3 − 0.422X4 + 0.042X5 +
0.065X6 + 0.167X7 + 0.234X8 − 0.362X9 + 0.313X10 + 0.193X11

4 Y = 0.713X1 + 0.014X2 − 0.037X3 + 0.139X4 − 0.26X5 −
0.177X6 − 0.001X7 − 0.354X8 − 0.228X9 + 0.231X10 − 0.034X11

Table 13. Comprehensive evaluation of substrate and water fertilization.

No. F 1 F 2 F 3 F 4 F Rank

W1 −0.26155 0.70391 0.45811 1.75321 0.613235 4
W2 0.08254 −0.43436 1.17124 −1.00389 0.530772 6
W3 0.19618 0.20796 1.15125 −0.01159 0.621736 3
W4 1.14453 −0.37846 0.42559 −0.52124 0.657696 2
W5 −0.15548 0.28797 0.71599 0.65183 0.576752 5
W6 1.70391 0.04471 −1.6102 0.66549 0.688633 1
W7 −1.79657 −0.40817 −0.82109 0.47642 0.209011 9
W8 −0.41279 −1.86618 −0.64326 −0.48966 0.287113 8
W9 −0.50078 1.84261 −0.84763 −1.52057 0.455252 7

4. Discussion

Simplified cultivation in ornamental plants, including Pelargonium hortorum, Cyclamen
persicum [34], Euphorbia pulcherrima [35], etc., has been reported in the literature. Chrysanthe-
mum morifolium, one of the top ten cut flowers and one of the most popular potted flowers
in the international market, is widely used in landscaping [21]. Currently, China’s potted
chrysanthemum industry suffers from problems of high substrate cost, sloppy water and
fertilizer management, uneven quality of potted flowers, a severe mismatch between the
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scale of the industry and existing industrial or technological innovations, etc. Therefore,
applying simplified cultivation in the potted chrysanthemum industry is necessary.

In soilless culture, the substrate is the medium for plant growth, providing water,
fertilizer, and an excellent inter-root environment; its physicochemical properties are closely
related to plant growth and development, and it helps to reduce soil-related problems
in conventional crop cultivation [22]. Moss peat is currently the most commonly used
substrate for soilless culture. However, due to the high environmental damage associated
with its acquisition, there is a need to develop new and excellent soilless substrates to
replace moss peat in its application. A few of the more prevalent alternatives to substrates
are rice husk, bark [36], coir [37], and compost [38]. It has been discovered that most of the
impact requirements for Pelargonium hortorum could be met by raising the compost content
to 40%, reducing the need for chemical fertilizers [34]. To grow Gerbera jamesonii, compost
and coir can be mixed together as a culture substrate instead of peat [39]. Compared to
regular imported peat, Anthurium andraeanum can flower at its best when a portion of moss
peat is replaced with rotten rice husks and agroforestry wastes [40], which can also be
applied as a substitute substrate in production [41]. In this experiment, nine indicators of
potted chrysanthemums were combined by principal component analysis to evaluate 18
substrates. The results showed that the T4 treatment group (coir: moss peat: perlite: pine
needle soil = 2:4:2:2) was the best, which was consistent with the results of Xiong et al. [38]
and Riaz et al. [39].

Different N, P, and K fertilizer applications have a significant impact on the physio-
logical indices of Machilus chinensis seedlings [42]; the use of N: P: K = 2: 3: 2 fertilizers in
chrysanthemum cultivation resulted in the best performance of chrysanthemums in photo-
synthetic shape and flowering traits [43]. Appropriate N, P, and K fertilization increased
plant height, crown spread, diameter, and total biomass of seedlings [41], which agrees with
the present study’s findings. The present study found that chrysanthemum growth was
significantly better than CK after fertilizer application. The F9 treatment group was superior
to CK and LR used in general flower production with an F value of 0.83, which was ranked
first overall. Nitrogen is an essential nutrient for plant growth and photosynthesis [43]. In
this experiment, plant height, crown width, and stem thickness increased significantly with
nitrogen concentration. Consistent with the previous study’s findings, potash is an essential
nutrient for plant protein, transpiration, respiration, and chlorophyll production, and is
also necessary to improve the flower traits of flower crops [42]. In the present study, the
plants’ chlorophyll content and flower size also increased with the increase in potassium
content, which agrees with previous studies findings. Therefore, using 336 mg/L nitrogen,
93 mg/L phosphorus, and 273 mg/L potassium, as seen in the F9 treatment group, can be
considered an ideal NPK fertilizer in conventional cultivation substrates.

In this experiment, the S6 treatment group using 40% water holding capacity, N3P3K2
fertilizer had the most significant plant height and crown diameter, the largest flower
diameter, and the highest number of flower heads, which indicates that 40% water holding
capacity is beneficial to the growth of plant height and crown size of potted chrysanthemum.
On the other hand, S4 treated with N3P3K2 fertilizer had the highest fresh and dry weight,
while plants treated with 1.5 times N3P3K2 fertilizer concentration showed a decrease
in all indicators. This indicates that the appropriate increase in fertilizer concentration
can achieve the effect of increased yield, and too high fertilizer concentration will instead
inhibit the growth of plants, which is consistent with the results of previous studies [44].

Through the screening of substitute substrates, the screening of nitrogen, phospho-
rus, and potassium ratios, and the screening of substrate water and fertilizer formulas,
this study comprehensively and systematically explored the cultivation and maintenance
schemes in the production of potted chrysanthemums and built a light, simple, and efficient
production technology system for potted chrysanthemums in an open field that is suitable
for the climatic characteristics of northern China, providing feasible technical specifica-
tions and a theoretical basis for the refinement and large-scale management of potted
chrysanthemums. However, this study only used the chrysanthemum quality ‘Hanluqiushi’
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as the experimental material; thus, more data are needed for the whole chrysanthemum
cultivation industry. In addition, the cultivation time was half a month later than the
critical time of chrysanthemum production, which resulted in the overall growth of the
subsequent chrysanthemums being weaker than that of actual production. Therefore, it
is recommended that future trials are conducted for more cultivars at the appropriate
production time to verify the cultivation effect of the substitute substrate and water and
fertilizer formulations.

Last but not least, the production of chrysanthemums in pots with the ideal ratios of
water holding capacity (40%), fertilizer (N3P3K2), and substrate (coir: moss peat: perlite:
pine needle soil = 2:4:2:2) produced a production cost of RMB 2.64/m3, 16.4% less than that
of the CK group (with a production cost of RMB 3.28/m3).

5. Conclusions

This study aimed to enhance the quality and efficiency of potted chrysanthemum pro-
duction in China. The substitute substrate experiment demonstrated that coir: moss peat:
perlite: pine needle mulch = 2:4:2:2 is the most suitable substitute substrate among others.
Through research on fertilizer ratios, it was found that the best growth and flowering char-
acteristics of chrysanthemums were achieved with nitrogen, phosphorus, and potassium
concentrations of 336 mg/L, 93 mg/L, and 273 mg/L, respectively. The substrate–water–
fertilizer coupling experiment demonstrated that utilizing a 2:4:2:2 ratio of coir, moss peat,
perlite, and pine needle mulch, along with 40% water capacity, and 336 mg/L nitrogen,
93 mg/L phosphorus, and 273 mg/L potassium led to improved chrysanthemum behavior.
In addition, production costs are reduced by 16.4% with the use of new water, fertilizer and
substrate management. These findings provide valuable insights for optimizing potted
chrysanthemum cultivation practices.
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Abstract: In Eastern Europe, the traditional marketing of cyclamen is in the period from the middle
of February to the middle of March. The poor light of winter months and the higher number of
plants (because of the reduction in heating costs) often result in elongated plants. To avoid this, it is
recommended to use plant growth retardants. At the same time, another problem is that flowers do
not rise from the level of rosette due to the unfavorable cultivation conditions. This can be solved
with growth stimulants. In the experiment, we tested the effect of growth regulators on the growth
of a frequently used variety of cyclamen. We used daminozide and paclobutrazol plant growth
retardants for height control and gibberellic acid (GA) and benzyladenine (BAP) as growth promoters
for increasing the number of flowers and the length of stems. The results show that daminozide and
paclobutrazol are both effective for height control in cyclamen production.

Keywords: cyclamen; cytokinin; daminozide; gibberellic acid; paclobutrazol

1. Introduction

The cultivation of ornamental plants, in addition to the cultivation of potted orna-
mental plants, is gaining more and more use worldwide [1,2]. Cyclamens are cultivated in
many regions around Europe and are currently considered one of the most popular potted
ornamental plants, even though their production can be very expensive due to heating
requirements, especially in Middle and Eastern European countries [3,4]. Annually, nearly
200 million plants are produced and sold worldwide, out of which 140–150 million are
grown in Europe [5].

On the other hand, some cyclamen species, like C. purpurascens or C. coum var. coum,
are used as medicinal plants [6–8]. C. persicum is traditionally propagated by seeds at high
costs despite its lack of homogeneity of cultivars [5,9,10]. The cyclamens taxonomically
belong to the family Primulaceaae and the genus Cyclamen with about 21 species [11,12].
It is native to Cyprus, Turkey, Crete, Libya, and Syria [13,14]. The ornamental value is
given by its flowers, and the colors range from white to red, pink, and purple, and these
flowers usually appear between December and early May [15,16]. In Western European
countries, the cyclamen plants are most likely sold in the Christmas period before New
Year’s Eve [17,18]. The cultivation conditions are favorable for the plants in the period
from June to November and, in general, the usage of growth regulators is not necessary. In
Romania, the traditional marketing of cyclamen is in the period from the middle of February
to International Women’s Day in March [18]. In this region, the poor light of winter months
and the higher number of plants (because of the reduction in heating costs) often result in
elongated plants. To avoid this situation, it is recommended to use plant growth retardants.
At the same time, another problem is that the flowers do not rise from the level of rosette
due to the unfavorable cultivation conditions. A solution for this problem can be the usage
of growth regulators. The role of plant growth retardants and regulators has increased
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since the spread of flowering timing and the influence of stem elongation [19]. This can be
critical to a successful cultivation because of the market demands [19,20].

Plant growth regulators (PGRs) are defined as natural or synthetic compounds that
affect the developmental and metabolic processes in plants [21]. These compounds influ-
ence the yield, the number, and quality of flowers, and they are widely used in ornamental
plant production [22]. A high number of growth regulators are used to adjust the size of
the plants, and it can help if an excessive amount of growth retardants are applied [23].

Cytokinins promote cell division, and these phytohormones play an important role
in regulating plant growth and differentiation [24,25]. They also play a crucial role in
the regulation of plant responses to environmental stresses such as drought and salinity.
Moreover, cytokinins have been identified as key players in the intricate network of plant
stress responses. They exhibit a remarkable ability to modulate and mediate plant reactions
to various stress conditions, including challenging situations such as drought, salinity, and
pathogen attacks. Cytokinins contribute to the maintenance of cellular viability and play
a pivotal role in enhancing stress tolerance in plants. These hormones actively engage
in activating defense mechanisms, enabling plants to effectively combat and mitigate
the detrimental effects of stressors. Through their multifaceted actions, cytokinins serve
as critical components in the intricate machinery that orchestrates plant responses to
stress [26].

6-Benzylaminopurine (BAP) was the first synthetic cytokinin used in potted plant
production, and previous research has shown that the application of BAP successfully
delayed senescence in plants [27]. Gibberellins are primarily involved in promoting seed
germination and flowering. They also regulate various developmental processes such
as leaf expansion, fruit development, and the transition from vegetative to reproductive
growth [28]. The effects of gibberellic acid (GA3) have been proven and documented in
numerous crops and ornamental plants, as well as cyclamens, as they have the remarkable
ability to significantly improve stem elongation and early flowering [29,30]. Gibberellins
are also involved in regulating plant responses to environmental cues such as light and
temperature [30].

Another way to control the development of potted ornamental plants is to use plant
growth retardants. Within the realm of potted cyclamen production, the utilization of
growth retardants to regulate plant height is deemed to have limited practicality; however,
the literature on this subject matter is rather scarce with only a few papers documenting
such findings [31]. Most of the plant growth retardants inhibit the biosynthesis of gibberellin
(GA), which is the hormone that is responsible for plant growth [32,33]. It is already known
that GA metabolism is sensitive to irradiance, and in Eastern European countries, the low
irradiance increases GA biosynthesis [34], which results in shoot elongation, and this effect
has been demonstrated for a large number of plant species in previous research [35]. A
popular plant growth retardant used by ornamental plant growers is daminozide. This
chemical compound reduces the plant cell size, shortens the length of the stem, and inhibits
the growth of the apical meristem [36]. Paclobutrazol is another effective and widely used
growth retardant, which shortens the length of stems but can also reduce the size of bracts
in the case of excessive use in ornamental plants [37]. The effect of this retardant can be
described by a compact growth plant, which also accelerates the inflorescence and reduces
the height of the potted ornamental plants [38].

Our aim was to investigate and evaluate the effects of plant growth regulators and
retardants used in Romania in potted Cyclamen persicum cultivation. In addition, another
aim was to develop a cultivation technology that results in compact, healthy, and attractive
plants to fulfill consumer expectations and meet market demands.

2. Materials and Methods

The experiment was performed in a greenhouse with a double-inflated foil cover in
Miercurea Nirajului, Romania. The tables were 2 m wide and 22 m long on which the potted
cyclamens were grown, and the irrigation was constant during the experiment under con-
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trolled humidity and temperature. In summer, the average temperature was 20 ◦C, while
in autumn/winter, it was 15 ◦C (80% relative humidity average, and 17–18 ◦C temperature
average under the whole experiment) (Figure 1). The humidity and temperature were mea-
sured with a data logger (LASCAR EL-USB-2), and the heating was operated by a central
heating system.

 

Figure 1. Temperature (◦C) and relative humidity (%) during the experiment.

The cyclamen cultivar Halios F1 Salmon Rose with pink flowers was used in the
experiment. The morphological description of the “Halios F1 Salmon Rose” is the following:
large flowers suitable for 13–20 cm pots, flowering from October to March, good shelf life
and a sturdy plant habit, tolerant of high temperatures.

The plant material was bought from S.A.S. Morel Diffusion, France. The cyclamens
were grown in propagation trays (Xtray 128), and we planted them into pots with a 12 cm
diameter (700 cm3 volume) on 10 August, in five rows, each row containing six plants in
four replications. The first row from each replication did not receive any treatment; they
were kept as a control (plants were sprayed only with clean water) (Table 1).

Table 1. Different treatments used in the experiment.

Experimental Variants Commercial Name
Active Ingredient

(According to Label)
Dosage Observations

T1 (control) - - - -

T2 Bonzi (Syngenta,
Ontario, USA)

paclobutrazol
(PBZ) 30 mg/L PBZ used two times

T3
Alar 85 (Arysta

LifeScience, Tokyo,
Japan)

daminozide
(DAM) 2500 mg/L DAM used two times

T4 Florgib (Fine Americas,
California, USA) gibberellic acid (GA) 20 mg/L GA3 used two times

T5 Fascination (Nufarm,
Illinois, USA)

gibberellins A4A7 +
6-benzylaminopurine

(GA4+7 + BAP)

10 mg/L GA4+7 + 10
mg/L BAP used two times
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A total of 120 plants were used in the experiment. The substrate used for pots was a
combination of peat and perlite with 75% and 25% proportions. On 5 October, the cyclamen
cultivars were sprayed for the first time with the selected plant growth regulators and
retardants. The second treatment was made on 28 October 2016, and the first cyclamens
with full bloom were obtained in early January 2017 (Figure 2). The time of the treatments
was selected based on our applied technological experience. During the experiment, five
measurements on 120 potted cyclamens were performed at four different treatments. The
measured plant characteristics during the experiment were the following: rosette diameter,
rosette height, peduncle height, peduncle diameter, plant height, number of flower buds,
number of flowers, and inflorescence diameter. In the case of rosette, peduncle, and
inflorescence diameter and height, we used a tape measure and a digital caliper. The
first measurement took place on 15 November, and the following measurements were on
30 November, 14 December, 4 January, and 22 January (Table 2). The first cyclamens in full
bloom appeared in early January.

 

Figure 2. Date of actions during the experiment in chronological order.

Data Analyses

The distribution of the data was examined with the Kolmogorov–Smirnov test. The
original data were not distributed normally; therefore, the nonparametric Kruskal–Wallis
was used, and afterwards, Mann–Whitney U tests were used to compare the treatments.
Means with different letters on figures represent statistically significant differences.
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3. Results

3.1. Rosette Diameter under the Effect of PGRs and Plant Growth Regulators

According to our results, the growth retardants and regulators influenced the rosette
diameter significantly. The smallest diameter was obtained in cyclamens sprayed with
paclobutrazol (PBZ), which significantly differed from the control treatment and from
the plants treated with growth regulators (GA3, GA3 + BAP). Conversely, no noteworthy
variation was observed between the control treatment and the plants that were sprayed
with a combination of growth regulators (GA4+7 + BAP). (Figure 3).

Figure 3. Rosette diameter under different plant growth retardant and plant growth regulator
treatments in C. persicum “Halios F1 Salmone Rose” variety (Mann–Whitney test p < 0.05). Different
letters mean statistically significant differences.

3.2. Rosette Height Influenced by PGRs and Plant Growth Regulators

Retardant treatments significantly reduced the height of the rosettes of potted cycla-
mens. The plants sprayed with paclobutrazol (PBZ) and daminozide (DAM) produced
smaller rosettes than plants under plant growth regulator treatments (GA3, GA4+7 + BAP).
However, it is worth noting that there was no significant disparity observed between the
control treatment and the plants treated with plant growth regulators (Figure 4).

Figure 4. Rosette height under different plant growth retardant and plant growth regulator treatments
in C. persicum “Halios F1 Salmone Rose” variety (Mann–Whitney test p < 0.05). Different letters mean
statistically significant differences.
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3.3. Peduncle Height under the Effect of PGRs and Plant Growth Regulators

The length (height) of the peduncles was profoundly impacted by the application of
both plant growth retardants and plant growth regulators. Notably, there were significant
enhancements observed in the peduncle length of the plants treated with plant growth reg-
ulators (GA3) when compared to the control treatment. Additionally, substantial disparities
were found between the cyclamens subjected to plant growth regulators (GA3, GA4+7 +
BAP) and those treated with plant growth retardants (PBZ, DAM). It is worth highlighting
that the shortest peduncle length was recorded in the plants treated with paclobutrazol
(PBZ). (Figure 5).

Figure 5. Peduncle height under different plant growth retardant and plant growth regulator treat-
ments in C. persicum “Halios F1 Salmone Rose” variety (Mann–Whitney test p < 0.05). Different letters
mean statistically significant differences.

3.4. Peduncle Diameter Influenced by PGR’s and Plant Growth Regulator

Based on our findings, it is evident that the application of growth regulators and
growth retardants had a significant impact on the diameter of peduncles in cyclamen
plants. Specifically, the cyclamen cultivars that were treated with paclobutrazol (PBZ) and
daminozide (DAM) exhibited thicker peduncles compared to the plants treated with plant
growth regulators (GA3, GA4+7 + BAP) or the control treatment of water (Figure 6).

Figure 6. Peduncle diameter under different plant growth retardant and plant growth regulator
treatments in C. persicum “Halios F1 Salmone Rose” variety (Mann–Whitney test p < 0.05). Different
letters mean statistically significant differences.
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3.5. Plant Height under the Effect of PGRs and Plant Growth Regulators

The plant heights were substantially affected by the application of both plant growth
retardants and plant growth regulators. Notably, the plants treated with paclobutrazol
(PBZ) and daminozide (DAM) were considerably shorter compared to the plants treated
with plant growth regulators (GA3, GA4+7 + BAP). The tallest plants were observed after
the treatment with plant growth regulators, and this difference was statistically significant
when compared to all other treatments (Figure 7).

Figure 7. Plant height under different plant growth retardant and plant growth regulator treatments
in C. persicum “Halios F1 Salmone Rose” variety (Mann–Whitney test p < 0.05). Different letters mean
statistically significant differences.

3.6. Number of Flower Buds Influenced by PGRs and Plant Growth Regulators

The number of flower buds was significantly higher on cyclamen cultivars treated
with plant growth regulators (GA3, GA4+7 + BAP) compared to the cultivars treated with
plant growth retardants (DAM, PBZ) or to control treatment. In addition, a higher number
of flower buds were recorded in the control group compared to the cyclamens treated with
PBZ (Figure 8).

Figure 8. Number of flower buds under different plant growth retardant and plant growth regulator
treatments in C. persicum “Halios F1 Salmone Rose” variety (Mann–Whitney test p < 0.05). Different
letters mean statistically significant differences.
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3.7. Number of Flowers under the Effect of PGRs and Plant Growth Regulators

According to our results, the plant growth regulators and growth retardants signif-
icantly influenced the number of flowers in cyclamen cultivars. The best results were
obtained after the treatments with plant growth regulators (GA3, GA4+7 + BAP), which
significantly differed from all treatments. The weakest result in the number of flowers was
obtained after the PBZ treatment, which was significantly different from the control group,
too (Figure 9).

Figure 9. Number of flowers under different plant growth retardant and plant growth regulator
treatments in C. persicum “Halios F1 Salmone Rose” variety (Mann–Whitney test p < 0.05). Different
letters mean statistically significant differences.

3.8. Inflorescence Diameter Influenced by PGRs and Plant Growth Regulators

The inflorescence diameters were influenced after the plant growth regulator and
plant growth retardant treatments. Significantly higher inflorescence diameters were found
between the GA3, GA4+7 + BAP-treated cyclamen cultivars compared to plants treated
with plant growth retardants (DAM, PBZ) and control. No significant differences were
obtained between the control and plants treated with DAM or PBZ regarding inflorescence
diameter (Figure 10). At the end of the experiment, the differences between the different
treatments were clearly visible (Figure 11).

Figure 10. Inflorescence diameter under different plant growth retardant and plant growth regulator
treatments in C. persicum “Halios F1 Salmone Rose” variety (Mann–Whitney test p < 0.05). Different
letters mean statistically significant differences.
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Figure 11. Differently treated plants at the end of the experiment.

4. Discussion

In our experiment, we have demonstrated that the proper use of plant growth regu-
lators can favorably influence the growth, flower, and quality parameters of the selected
cyclamen cultivar, and these plants can also fulfill the customer demands. In a two-year
experiment in Jordan, it was found that treatments with GA3 and gibberellic acid A4+A7
significantly hastened the flower development and increased the peduncle height [29]. The
treatment with 6-benzylaminopurine (BAP) was ineffective regarding peduncle length [29].
Our results are in agreement with the results obtained in the experiment. However, in the
case of peduncle length, we observed the opposite because cyclamens treated with BAP
provided one of the best results for us. In contrast, in the case of peduncle diameter, GA3
and the combination of BAP and GA4+7 treatment provided the lowest results.

Plants treated with GA3 exhibited higher plant height, leaf area and root length in
a research study performed in Romania with different cyclamen cultivars [39]. Research
investigations have revealed that the application of exogenous gibberellic acids (Gas), as
well as the utilization of GA biosynthesis inhibitors, have demonstrated an impact on the
elongation of petioles. According to previous reports by Oh et al. [40], it was observed
that Cyclamen persium cv. ‘Metis Scarlet Red’ plants exhibited leaf expansion and petiole
elongation when subjected to short-day conditions. These findings suggest that endogenous
GA3 and GA4 may play a significant role in the process of petiole elongation in C. persicum
Mill [39]. In another experiment, it was demonstrated that plant growth retardants inhibit
chrysanthemum growth in a significant way but had a negative effect on inflorescence in
Chrysanthemum indicum and other ornamental plants [41,42]. GA3 has been extensively
studied in cyclamen cultivation, and alongside its positive effects, there can also be negative
effects from incorrect usage. However, recently, the combined use of GA4+7 + BAP growth
stimulants is being applied more frequently in various ornamental plants, which can help
promote flowering and reduce negative effects when used in appropriate doses. In Eastern
European countries, a unique situation and tradition have developed where the sale of
cyclamen peaks on Valentine’s Day (February 14) and International Women’s Day (March 8).
As a result, a significant portion of cultivation falls in the winter months. One prerequisite
for successful cultivation is raising the tuberous rosette utilizing the warmth of autumn,
which then necessitates the use of growth regulators during the winter months to prevent
the excessive elongation of the plants.

Another solution is to provide higher heating during winter while attempting to
achieve denser spacing to reduce heating costs per plant. In such cases, the application
of plant regulators and retardants may be necessary to counteract elongation. However,
after winter cultivation, if the plants cannot be adequately raised under suitable conditions,
there may be a need to stimulate flowering to produce high-quality and marketable plants.
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In their research, Osterc et al. [43] discovered that Cyclamen rosettes of plants exposed to
long-day conditions were found to be larger in size compared to those exposed to short-
day conditions. Due to this cultivation characteristic, Botrytis cinerea also poses a major
problem [44]. In the mentioned research, Csorba et al. (2023) [44] used the same Halios F1
Salmon Rose cultivar. Plant hormones like cytokinin and auxin treatments are increasing
the resistance against the Botrytis cinerea infection, and this effect of the resistance is based
on delaying senescence [45]. Bosch et al. 2016 [46] demonstrated that a high concentration
of PBZ application can reduce the plant height to a desired level. Similar results were
obtained in two different studies: containerized A. graminifolia [47] and R. tingitana [48].
Our results are in agreement with the published research.

Irradiance is an important factor in the development of Cyclamen cultivars. Ravnjak
et al. (2019) [49] found that cyclamen species are capable of surviving in forests because of
the increased anthocyanin content, which protects them against solar radiation. Further-
more, it was demonstrated in another research study that cyclamen rosettes of long-day
exposed plants are higher compared to their short-day exposed peers [43]. Growth retar-
dants can increase the number of flowers, but they also can reduce it or have no influence
on them. Alshakhaly and Qrunfleh 2019 [29] showed in their studies that GA3 increased
the number of flowers and peduncle length on five different C. persicum hybrids. In a
similar research study from Poland, the authors demonstrated that spraying the leaves
with GA3 at a lower concentration not only initiates the growth of flower stalks but also
significantly accelerates flowering and increases the number of flowers [50]. These results
are in agreement with our results. In the case of the flower buds and the number of flowers,
the best results were obtained after the treatments with plant growth regulators (GA3,
GA4+7 + BAP) in our experiment.

In Chrisanthemum cultivars, these plant growth regulators had the same positive effect
on flowering time and flower size [51]. Malik et al. (2017) [52] described that in each
concentration used, plant growth regulators increased the flower number per plant in
Dahlia variabilis. In another research study with tomato plants (Lycopersicon esculentum), a
couple of parameters were measured and described under different plant growth regulator
treatments. The highest number of flower clusters per plant and the highest number of
flowers were recorded after GA3 treatment [53].

The treatments with plant growth retardants negatively influenced the rosette diameter
and height in the selected cyclamen cultivar. In the case of PBZ treatment, we measured
the lowest values. Another research study conducted with Reichardia tingitana showed that
none of the PBZ doses altered the inflorescence diameter [48]. In contrast, we measured the
lowest inflorescence diameter in control and PBZ-treated cyclamens.

5. Conclusions

Our study provides experimental data on the C. persicum “Halios F1 Salmone Rose”
variety and the effect of plant growth regulators and plant growth retardants on the
measured parameters mentioned above.

Long-term experiments are highly important in ornamental horticulture as well as in
other industries. By observing and analyzing the growth, development, and reactions of
plants over an extended period of time under various conditions, researchers and growers
can gain a better understanding of their needs, optimal conditions, and best cultivation
methods. Similar experiments provide opportunities for the development of new varieties,
the formulation of nutrient and water management strategies, and the improvement of
plants’ stress tolerance. As a result, they contribute to the development of more efficient
and sustainable practices in ornamental horticulture.

The use of plant growth stimulants and retardants can bring several advantages in
the case of cyclamen cultivation. They allow for control of plant size and shape. This
is particularly important for products where uniform size and shape are important for
marketability. Growth regulators enable plants to become more compact, making them
easier to handle and shape. By using growth stimulants and retardants, growers are able
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to harvest the crop in a timely and efficient manner. According to our results, active
ingredients have delaying effects on flowering, and they slightly reduce the number of
flower buds and flowers. We also found a positive effect of these products on the flowering
time and number of flowers.

Our results and findings can help the cyclamen growers plan the most appropriate
time to intervene and use the plant growth regulators and retardants, especially in Eastern
Europe, in order to achieve the best ornamental quality.

To conclude, PGRs have a positive impact on product quality and contribute to the
adoption of economical and sustainable cultivation practices.
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Abstract: Monstera deliciosa Liebm. ‘Thai Constellation’ is a variegated variety of M. deliciosa belonging
to the family Araceae, which has become a new favorite in the foliage plant market. However, limited
studies exist on its propagation, and growers have difficulties in achieving large-scale production.
This study aimed at developing an efficient protocol for the micropropagation of M. deliciosa using
SETIS™ temporary immersion bioreactors. Furthermore, we aimed at evaluating the role of a
novel biostimulant (IQ Forte) in the acclimatization of M. deliciosa. Significant differences were
observed among the different treatments, showing higher multiplication rates under TIS conditions
as compared to the semi-solid control. Adjusting immersion parameters also showed benefits in
improving multiplication rates. The novel biostimulant (IQ Forte) did not provide significant gains in
growth of M. deliciosa ‘Thai Constellation’ during acclimatization.

Keywords: acclimatization; bioreactor; biostimulant; in vitro; IQ Forte; micropropagation; Monstera
deliciosa; semi-solid; TIS

1. Introduction

Monstera deliciosa Liebm., also known as ceriman (Trinidad) or piñanona (Mexico), is a
climbing vine (growing to a height of 30 ft or more) that belongs to the family Araceae [1,2].
It has been spread around the world as an ornamental foliage plant that can be used indoors
or outdoors [3]. M. deliciosa ‘Thai Constellation’ is a new variant of M. deliciosa, possessing
variegated leaves and being relatively genetically stable. Unfortunately, the plant grows
slowly, and cuttings can be a challenge to root, driving up the price. The rapid propagation
of M. deliciosa by tissue culture technology not only is conducive to the maintenance of
excellent characters but also provides a large number of plantlets for plant cultivation [4].

In vitro clonal propagation of plants is popularly called micropropagation because
of the miniaturization of the process [5]. Temporary immersion system (TIS) is one of
the most advanced tools for commercial micropropagation. It works by using a semi-
automated bioreactor to immerse cells, tissues, or organs in a liquid culture medium for
a period of time. Hyperhydricity can be remedied by TIS, which exposes explants to
liquid media intermittently rather than continuously [6]. Two variants of this system
have been developed and are currently on the market: the Recipient for Automated
Temporary Immersion system (RITA®) and the twin-flasks system (BIT®) [7]. More recently,
a new bioreactor system has been developed (SETIS™, Vervit, Lochristi, Belgium), which
allows for increased light irradiation, automation of cultivation systems, easy handling,
and large culture medium capacity, and successful protocols have been reported for the
micropropagation of banana and vanilla [8–10].

The term acclimatization is defined as the climatic adaptation of an organism, espe-
cially a plant, that has been moved to a new environment [11,12]. Acclimatization is an
important step in micropropagation. Biostimulants are defined as materials that contain
substance(s) and/or microorganisms, whose function when applied to plants or the rhi-
zosphere is to stimulate natural processes to enhance/benefit nutrient uptake, nutrient
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efficiency, tolerance to abiotic stress, and/or crop quality, independent of its nutrient con-
tent [13,14]. Protein hydrolysates (PHs) are a category of plant biostimulants defined as
mixtures of polypeptides, oligopeptides, and amino acids that are manufactured from
protein sources using partial hydrolysis [15,16]. Plant-derived PHs are gaining greater
acceptance by farmers due to their richness in bioactive compounds and their great efficacy
in enhancing crop performance [17]. The use of protein hydrolysis products as stimulants
to assist plants in acclimatization seems to be a viable option at present.

The goal of this study was to evaluate the efficiency of the SETIS™ bioreactor for the
micropropagation of M. deliciosa ‘Thai Constellation’ as compared to a conventional semi-
solid culture system. The development of a new micropropagation system for M. deliciosa
may contribute to its large-scale commercialization. In view of the absence of data regarding
the acclimatization of M. deliciosa ‘Thai Constellation’, the present study also had the
objective of evaluating the effects of IQ Forte as a biostimulant on the acclimatization of
in vitro-derived plantlets of M. deliciosa ‘Thai Constellation’.

2. Materials and Methods

2.1. Plant Material and Culture Establishment

Plants of M. deliciosa ‘Thai Constellation’ were obtained from an ornamental nursery
in Homestead, Florida, and in vitro cultures were established in the micropropagation
laboratory of the Environmental Horticulture Dept., University of Florida, in Gainesville,
FL. The axillary buds were collected and washed in the sink with soap and water, surface
sterilized using 2% sodium hypochlorite (NaClO) for 20 min, and then rinsed in dH2O
(distilled water). Subsequently, the outer leaf layer and tissue were removed. The buds
again were put in a fresh solution of 2% sodium hypochlorite for another 20 min and then
rinsed 3 times. Explants were initially propagated in agar-based medium.

In vitro shoots were multiplied through axillary shoot multiplication in semi-solid
modified MS medium [18] including B5 vitamins supplemented with 30 g/L sucrose,
2.5 g/L gellan gum, 7.5 mg/L BAP (6-benzylaminopurine), and 0.5 mg/L NAA (naphtha-
lene acetic acid). The medium pH was adjusted to 5.6–5.8 before autoclaving at 121 ◦C for
25 min at 1.2 kg cm−2. About 40 mL of medium was dispensed into baby food jars. This
allowed the development of multiple axillary shoots and roots.

After 60 days, prior to subculture, shoots formed directly from axillary buds showed
some roots and a small callus formation at the base of the shoot. In the subculture process,
a small number of roots were trimmed, and the shoots were divided into single shoots
containing a portion of the callus.

2.2. Acclimatization and Biostimulant

In vitro-derived shoots generated from bioreactors were used for this study. The
acclimatization of in vitro-derived plantlets was conducted in a greenhouse.

Shoots were separated into single shoots under aseptic conditions and transplanted
into baby food jars containing rooting medium. The rooting medium was a modified MS
medium supplemented with 30 g/L sucrose, 2.5 g/L gellan gum, and 0.5 mg/L NAA
(naphthalene acetic acid). The medium pH was adjusted to 5.6–5.8 before autoclaving at
121 ◦C for 20 min at 15 lbs pressure. About 40 mL of medium was dispensed into baby
food jars. Cultures were maintained under fluorescent lighting (General Electric fluorescent
bulbs 59W) at 50 μmol m−2 s−1 (FL), and the photoperiod was 16/8 h (light/dark). The
temperature of the culturing room was set to 25 ◦C.

After 60 days, the plantlets with roots were transplanted to the greenhouse.
IQ Forte (IQBiotech, Miami, FL, USA), which is a natural fertilizer based on oligopep-

tides and free amino acids obtained by enzymatic hydrolysis of proteins from seeds, was
used as the biostimulants.
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2.3. In Vitro Multiplication Using Bioreactors

Young shoots (4–6 cm) collected from in vitro seedlings were used as explants for
shoot proliferation.

Shoots were grown in four different culture systems: (1) in baby food jars containing
40 mL semi-solid medium (2.5 g/L gellan gum) as a control, (2) in temporary immersion
bioreactors (SETIS™, VERVIT, Zelzate, Belgium) with an immersion and aeration frequency
of 1.5 h and immersion duration of 1 min (Treatment 1), (3) in temporary immersion
bioreactors with an immersion and aeration frequency of 1.5 h and immersion duration
of 2 min (Treatment 2), (4) in temporary immersion bioreactors with an immersion and
aeration frequency of 3 h and immersion duration of 2 min (Treatment 3) (Figure 1).

A B 

C D 
Figure 1. Micropropagation of M. deliciosa ‘Thai Constellation’ under different culture systems.
(A,B) Semi-solid medium in baby food jar. (C,D) Liquid medium in SETIS™ temporary immer-
sion bioreactors.

For the control group, two trays were prepared, each with 30 baby food jars (Figure 1).
The 60 baby food jars in the two trays had identical experimental treatments. Cultures
were maintained under fluorescent lighting (General Electric fluorescent bulbs 59W) at
50 μmol m−2 s−1 (FL), and the photoperiod was 16/8 h (light/dark). The temperature of
the culturing room was 25 ± 2 ◦C. At the end of the experiment (90 days), 30 baby food
jars were taken out to collect the experimental data.

The treatments in TIS were comprised of 4 replicates per treatment, each replicate
containing 10 explants. The cultures were maintained under controlled environment
conditions with continuous light (Valoya’s L-Series LED grow light, model L35-144, 35W,
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AP67 spectrum; 14% Blue, 16% Green, 53% Red, and 17% Far Red) and light intensity
of 79 μmol m−2 s−1, temperature of 25 ± 2 ◦C, and photoperiod of 16/8 h (light/dark).
After 90 days of culture establishment, the initial 10 explants turned into 10 clusters with
multiple shoots. Data were provided by 7 randomly selected clusters out of the 10. Plant
height (height of the tallest shoot), fresh weight, dry weight, chlorophyll content, and
shoot multiplication rate were evaluated. To obtain the dry weight, the plant material was
placed in an oven and dried at 80 ◦C for 48 h. For the shoot multiplication rate, shoots
that were clearly differentiated were counted, the total number was calculated, and they
were classified into small, medium, and large grades based on their length (small: ≤2 cm,
medium: 2–4 cm, large: >4 cm). Due to the low survival rate of small shoots in the
acclimatization process, the medium and large shoots were summed up and referred to as
‘effective shoots’.

It is important to note that in addition to the differences in the type of media used
and the method of cultivation, the light source used in the bioreactor system is different
from that of a traditional semi-solid system. The traditional semi-solid systems use regular
fluorescent lights, as they are the traditional systems used in our lab for many different
cultures, whereas for the bioreactor, we use the new LED system, as recommended for
optimal growth, propagation, and development.

2.4. Relative Chlorophyll Content Analysis

Fully expanded leaves were selected from 5 plants per treatment for chlorophyll
analysis. Chlorophyll relative content was measured as SPAD values by placing the third
leaf of each plantlet, counted from top downwards, in a portable SPAD-502 chlorophyll
meter (SPAD-502, Minolta Co., Ltd., Osaka, Japan).

2.5. Statistical Analysis

A completely randomized experimental design was used for all experiments. Data
were collected and submitted to analysis of variance (ANOVA) using the software R version
4.1.3 (Copyright © 2022 The R Foundation for Statistical Computing). Tukey’s post hoc
multiple comparison adjustment (α = 0.05) was used for all pairwise comparisons of means.

2.6. Effect of Concentration of Biostimulant on Plantlet Growth

The experiment was completely randomized with 3 treatments (3 concentrations of
biostimulant; ml IQ Forte/L water) and one control group: (1) Treatment 1: 2.0 mL/L,
(2) Treatment 2: 3.0 mL/L, (3) Treatment 3: 4.0 mL/L, (4) Control: water without biostim-
ulant. The concentration of biostimulant was determined based on the manufacturer’s
label recommendations. The water in all treatments came from the irrigation system of the
greenhouse with a water-soluble fertilizer (Peter’s 20-10-20 Peat Lite at 150 ppm). There
were 20 repetitions for each treatment, where one repetition means one plant in a pot. At
the end of the experiment, the following parameters were evaluated: (1) survival: % of
plants that survived after transplant to greenhouse, (2) growth: shoot and root development
(length, fresh and dry weight), and (3) chlorophyll relative content (SPAD).

The biostimulant IQ Forte was applied at two-week intervals during the course of the
experiment (according to the instructions provided by the manufacturer), 50 mL per pot
per time. Meanwhile, foliar phosphite fertilizer was applied every two weeks to ensure that
there was no microbial infection. The amount applied was 50 mL per pot of an aqueous
solution containing 1.6% of the original solution. The interval between the application of
these two products was one week.

After 100 days of the plants growing in the greenhouse, data were collected. Survival
rates were recorded first. Other data were provided by 10 randomly selected plantlets out
of plants that survived. Plant height (height of the tallest shoot), fresh weight, dry weight,
and chlorophyll content were evaluated.
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3. Results

3.1. Micropropagation Using TIS Bioreactors

Significant differences were observed among culture systems for plant height. The
highest plant height occurred in treatment 1 (1 min,1.5 h; 5.2cm), followed by treatment 2
(2 min, 1.5 h; 4.2 cm) and treatment 3 (2 min, 3 h; 4.0 cm). The control group in semi-solid
medium had a plant height of 4.1cm. The plant height of treatment 1 was significantly
higher than the height in the other groups (Figure 2).

  

  

  

Figure 2. Effect of different in vitro culture systems on plants’ development of M. deliciosa ‘Thai
Constellation’ after 90 days culturing. (A) Plant height, (B) Fresh weight, (C) Dry weight, (D) SPAD,
(E) Effective shoots, and (F) Total number of shoots. Treatment: Liquid medium in SETIS™ bioreactor;
treatment 1: immersion frequency of 1.5 h, immersion duration of 1 min; treatment 2: immersion
frequency of 1.5 h, immersion duration of 2 min; treatment 3: immersion frequency of 3 h, immersion
duration of 2 min. Control: Semi-solid medium in baby food jar. Bars indicate mean ± SE. Different
letters indicate significant differences by Tukey’s test at p ≤ 0.05.
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For fresh weight, treatments 1 and 2 (p < 0.001) (17.02 g and 18.13 g, respectively)
were significantly higher than treatment 3 (11.05 g), and all three treatments in bioreactors
were significantly higher than the explants cultured in a semi-solid medium, with 5.85 g.
Similarly, for dry weight, all three treatments in bioreactors (p < 0.001) (1.18 g to 1.39g) were
significantly higher than the control cultured in a semi-solid medium (0.51 g); however,
there were no significant differences among the dry weights of the three treatments.

Total numbers of shoots (p < 0.004) (15.4 to 17.5 shoots per explant) in bioreactors
were significantly higher than those in the control group using a semi-solid medium, with
9.5 shoots per explant. The number of effective shoots (p < 0.007) (6.8 to 8.5 shoots per
explant) in bioreactors was significantly higher than the control, with 3.9 shoots per explant.

The highest chlorophyll relative content was recorded in the control group in a semi-
solid medium with an SPAD value of 22.0 (p < 0.001), followed by treatment 3 with an
SPAD value of 14.8 (p < 0.007) and then treatment 1 and treatment 2 with SPAD values of
11.8 and 11.2, respectively (Figure 2).

3.2. Acclimatization Using IQ Forte as a Biostimulant

Survival rates varied greatly among the four groups. Treatments 1 (2.0 mL/L; 85%)
and 2 (3.0 mL/L; 90%), where lower concentrations of the biostimulant were applied, had
higher survival rates, while treatment 3 (4.0 mL/L; 70%) and the control group (75%) had
lower survival rates (Figure 3).

 
Figure 3. Survival of M. deliciosa ‘Thai Constellation’ after 100 days of growing in the greenhouse.
Treatment 1: 2.0 mL/L biostimulant; treatment 2: 3.0 mL/L biostimulant; treatment 3: 4.0 mL/L
biostimulant; control: water without biostimulant.

For the plant growth data (including plant height, fresh weight, and dry weight), the
differences between the three groups were not significant at the 0.05 level of significance
according to ANOVA. At the same time, treatment 3 was significantly lower than the other
two treatments, but it was not significantly different from the control group.

The highest plant height (16.1 cm) occurred in treatment 2, followed by treatment
1 (15.8 cm) and the control group (15.2 cm). Treatment 3 had a plant height of 12.9 cm,
significantly lower than treatments 1 and 2 (p < 0.02). For fresh weight, treatments 1 and
2 (22.21 g to 20.48 g, respectively) were significantly higher than treatment 3 (11.17 g)
(p < 0.03). There was no significant difference between the control group (16.24 g) and the
other treatments. Similarly, for dry weight, treatment 3 (0.87 g) was significantly lower
than treatments 1 (1.79 g) and 2 (1.61 g) (p < 0.05), with no significant difference between
the control group (1.37 g) and the other groups (Figure 4).
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Figure 4. Effect of different concentrations of biostimulant on plants’ development of M. deliciosa
‘Thai Constellation’ after 100 days of growing in the greenhouse. (A) Plant height, (B) Fresh weight,
(C) Dry weight, (D) SPAD; treatment 1: 2.0 mL/L biostimulant; treatment 2: 3.0 mL/L biostimulant;
treatment 3: 4.0 mL/L biostimulant; control: water without biostimulant. Bars indicate mean ± SE.
Different letters indicate significant differences by Tukey’s test at p ≤ 0.05.

For the relative chlorophyll content, results were slightly different. Treatment 3 was
significantly lower than treatment 2 and the control, while treatment 1 was not significantly
different from the other groups (Figure 4).

4. Discussion

The evaluation of the different in vitro culture systems demonstrated the usefulness
of TI (temporary immersion) to increase the quantity and quality of shoots produced with
respect to the conventional micropropagation system in a semi-solid medium [19]. Similarly,
Anthurium andreanum Lind. and malanga (Colocasia esculenta L. Schott) multiplication can
also be greatly improved in efficiency by TIS [19,20]. In studies with sugarcane and different
types of TIS bioreactors, the efficiency of using temporary immersion systems for direct
organogenesis has also been shown [21].

The two species mentioned above belong to the Araceae family, like M. deliciosa. In
our study, M. deliciosa ‘Thai Constellation’ propagated in SETIS™ bioreactors achieved
higher multiplication rates and increased fresh/dry weight as compared to those in a semi-
solid culture medium. For the shoot multiplication rate, not only was the total number of
new shoots significantly greater in temporary immersion bioreactors than in a semi-solid
culture medium, but the number of effective shoots produced by it was likewise much
greater, which is of great significance for commercial production practice. Because each
effective shoot that emerges can be used as a new single explant to enter the next round of
multiplication, the effective shoot yield improvement during each round of multiplication
will greatly affect the final production efficiency. The increase in fresh/dry weight in
the bioreactor is also important. Shoots that accumulate more nutrients have a higher
adaptation and survival rate during subsequent multiplication or acclimatization.
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One of the main advantages of using TIS is that it promotes ventilation within the cul-
ture vessel, allowing the removal of volatile compounds such as ethylene [22], recirculating
the carbon dioxide necessary for photosynthesis [23], and increasing stomatal functionality
in the leaves compared to those obtained in semi-solid environments [24]. These factors
could explain the increased efficiency of M. deliciosa multiplication in TIS.

Unlike the above parameters, however, for plant height, the data in the temporary
immersion bioreactors were not fully ahead of the traditional semi-solid medium culture
method. The average plant height in the control was not significantly different from either
treatment 2 or treatment 3.

For the relative chlorophyll content, the experimental data collected contradicts many
experiments. An increase in the content of photosynthetic pigments in TIS compared to a
semi-solid system has been observed in malanga (Colocasia esculenta) [20]. In addition, an in-
crease in chlorophyll synthesis has also been reported by using TIS in the micropropagation
of A. andreanum, and the relative chlorophyll content was significantly higher for Brassavola
nodosa (L.) Lindl. plantlets produced in TIS bioreactors as compared to those from a semi-
solid medium [25]. In this experiment, however, in temporary immersion bioreactors, the
relative chlorophyll content of the leaves of the explants was significantly lower than that
of the control using the traditional method. The control group was significantly higher than
all other treatments. Irradiance is an important factor in physiological processes that affects
the synthesis of chlorophyll [26], leading to potentially two main reasons for our results:

1. The light system in the immersion bioreactors in this experiment was different from the
lighting used in the control group. It has been shown that different light sources result
in significant differences in relative chlorophyll content among banana varieties [10].
The effects of LED and fluorescent lamps were compared as sources of light on the
growth and development of sweet basil (Ocimum basilicum L.) and lemon balm (Melissa
officinalis L.), indicating that the response of plants to the applied light is individual
and depends on the species [27].

2. For micropropagated plants in the lab, photosynthesis is not really useful for their
growth since we have already added a sufficient amount of sucrose to the medium as
their nutrient source. Plant materials in TIS may instead accumulate relatively little
chlorophyll due to higher growth rates.

Immersion and aeration frequency and duration in TIS bioreactors are factors that
require adjustments for each species, and they play an important role in plant in vitro
multiplication and plant development [28]. The optimization of such parameters is impor-
tant to prevent physiological disorders such as hyperhydricity. Generally, the incidence
of hyperhydricity increases due to the over-accumulation of water in plant tissues [29].
Two different immersion frequencies (1.5 h and 3 h) and two immersion durations (1 min
and 2 min) were set to form three experimental groups in this experiment. For several
parameters, such as dry weight, total new shoots produced, and number of effective shoots,
the results of the three treatments were not significantly different. This is the first study on
variegated M. deliciosa using TIS, and there were no previous reports to suggest optimum
conditions for Monstera in general. Thus, this initial study explored some basic parameters
for immersion using TIS bioreactors, warranting further studies to optimize the system,
such as using shorter immersion duration and lower immersion frequency.

For plant height, treatment 1 with an immersion duration of 1 min was significantly
higher than treatments 2 and 3 with an immersion duration of 2 min. At the time of
experimental data collection, no significant hyperhydricity was observed. This suggests that
a shorter immersion duration helps to increase the plant height of variegated M. deliciosa.

While the dry weights of the three treatments were not significantly different, the
fresh weights of treatments 1 and 2 were significantly greater than those of treatment three.
This implies that the water content of the plant material may be related to the frequency
of immersion. A higher frequency of immersion would increase the water content of the
culture. A similar trend has been described, where shorter immersion intervals gave rise to
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a higher number of shoots and a greater ratio of hyperhydric carnation plantlets cultured
in the TIS [30].

The relative chlorophyll content of treatment 3 was significantly higher than that of
treatments 1 and 2. This may indicate that in TIS, the relative chlorophyll content of the
plant material is related to its water content.

The roles played by accumulated amino acids in plants vary, from acting as an os-
molyte, regulating ion transport, modulating stomatal opening, and detoxifying heavy
metals. Amino acids also affect the synthesis and activity of some enzymes, gene expres-
sion, and redox homeostasis [31]. By providing exogenous amino acids to maize seedlings,
it was observed that in addition to proline, alanine, serine, and asparagine also delayed
wilting under stress conditions [32]. In wheat, a foliar spray of methionine in a mixture
increased drought tolerance and was associated with an increase in plant–water relations,
physio-biochemical attributes, yield attributes, and nutrition quality when applied at
0.2 mg/mL [33]. Using two levels of methionine, i.e., 100 mg/L and 200 mg/L, on green
parasol plants improved the absorption of N, P and K, which was associated with increases
in dry weight of shoots, leaf area, and leaf chlorophyll contents [34]. In cowpea, a 0.4 mM
concentration of methionine was effective in enhancing stress tolerance and improving
growth, yield characteristics, contents of chlorophyll, carotenoids, shoot and seed nutrients,
and other components [35].

Several studies mentioned above have demonstrated that a wide range of amino acid
compositions have a beneficial effect on many species of plants, especially in terms of
nutrient uptake and increasing their resistance to stress. The main components of the
biostimulant used in this experiment are amino acids obtained from the hydrolysis of plant
proteins, and we expected that they would play a significant role in the acclimatization of
variegated M. deliciosa.

The results show that application of low concentrations of a biostimulant returned
higher survival rates for variegated M. deliciosa seedlings, while high concentrations of a
biostimulant had an opposite effect, leading to reduced survival rates.

In the experiment, the growth data of the plantlets (plant height, fresh weight, and dry
weight) treated with low concentrations of biostimulants were not significantly different
from the control. The reasons for this were analyzed as follows:

1. Insufficient sample number. This is mainly due to the high value of the material (varie-
gated M. deliciosa) in this experiment, the high cost of expanding the sample numbers,
and the lack of experience with its acclimatization process (death of plant material
due to excessive sunlight and high temperatures). Subsequent experiments could
increase the number of samples based on more mature acclimatization experience.

2. It is true that a proportion of plants are insensitive to biostimulants by means of
increasing exogenous amino acids.

It is evident from the data that the use of low concentrations of a biostimulant did not
significantly affect the relative chlorophyll content of leaves of variegated M. deliciosa. It
is noteworthy that the SPAD values of treatment 3 were significantly lower than those of
treatment 2 and the control, indicating that higher concentrations of amino acid solutions
may, on the contrary, hinder the development of chloroplasts in the green parts of the leaves
of variegated M. deliciosa.

5. Conclusions

This is the first study reporting the use of the SETIS™ bioreactor for the micropropa-
gation of M. deliciosa ‘Thai Constellation’. We determined that this variegated M. deliciosa
under TIS bioreactors provided higher multiplication rates and increased fresh/dry weight
compared to conventional culture systems using a semi-solid agar-based medium. Different
immersion and aeration frequencies and duration in TIS bioreactors do affect the growth
of the material in a number of ways, such as plant height, fresh weight, and chlorophyll
content. Although the plant material in TIS has grown favorably under the conditions
we set up, we still need to follow up with more experiments to find out if there are more
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suitable culture conditions for M. deliciosa. This is also the first study reporting the use of
IQ Forte as a biostimulant for the acclimatization of M. deliciosa ‘Thai Constellation’. We
found that this biostimulant at low concentrations enhanced the acclimatization survival
of variegated M. deliciosa. The gain in plantlets’ growth was not significant, while higher
concentrations of the biostimulant may have a negative effect on the growth of variegated
M. deliciosa.

For future research, expanded experimentation is necessary. The first step could be to
set up more different culture conditions, mainly different immersion and aeration intervals
and durations, under conditions of more adequate plant material and more bioreactors.
This setup of culture conditions could be based on this study to increase the differences
in conditions to get more significant results. This study only proved the advantages of
the TIS bioreactor in the multiplication of variegated M. deliciosa, and experiments on its
rooting efficiency under the new system would be a good addition. This experiment did
not demonstrate the effect of IQ Forte, the new biostimulant, well. The following directions
can be taken for the subsequent improvement of the experiment: (1) Consider the effect of
seasonal climate to provide more stable and safe acclimatization conditions for variegated
M. deliciosa to avoid the occurrence of stress. (2) Prepare sufficient experimental materials
before the experiment. (3) Other cheaper varieties of Monstera can be used to test this novel
biostimulant to reduce the cost of testing.

For commercial production, this study suggests the use of SETIS™ bioreactors instead
of the system using a semi-solid agar-based medium at the stage of multiplication of
M. deliciosa ‘Thai Constellation’. The new system not only saves production space and labor
but also expands the micropropagation of M. deliciosa at a higher efficiency.
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Abstract: To identify herbaceous peony cultivars with strong photosynthetic productivity, we com-
pared the photosynthetic characteristics of 20 herbaceous peony cultivars based on four photo-
synthetic characteristics parameters and established light–response curves under a light intensity
gradient, using CIRAS-3 portable photosynthetic dynamic monitoring. The net photosynthetic rate
(Pn) showed a “unimodal” diurnal variation pattern, with a peak around 12:00. The diurnal pattern
of the transpiration rate was the same as that of Pn. Stomatal conductance values (Gs) showed
similar patterns among the cultivars, with only small differences. The daily variation in intracellular
CO2 concentration (Ci) showed an opposite trend to that of Pn. When the photosynthetically active
radiation was 0–400 μmol·m−2s−1, Pn increased linearly and gradually with increasing light inten-
sity. ‘Xueyuanhonghua’, ‘Qingwen’, ‘Taohuafeixue’, ‘Chifen’, and ‘Qihualushuang’ showed high
photosynthetic productivity. ‘Xueyuanhonghua’, ‘Fushi’, ‘Qingwen’, ‘Tianshanhongxing’, ‘Qingtian-
lan’, ‘Dafugui’, and ‘Hongfushi’ had high light saturation points and the highest light resistance.
‘Xueyuanhonghua’, ‘Qingwen’, ‘Taohuafeixue’, ‘Tianshanhongxing’, ‘Qingtianlan’, ‘Guifeichacui’,
‘Chifen’, and ‘Hongxiuqiu’ had low light compensation points. Thus, two cultivars with strong
photosynthetic productivity, ‘Xueyuanhonghua’ and ‘Qingwen’, can be cross-bred to obtain both
light- and shade-tolerant plants. This study provides a theoretical basis for breeding new cultivars
with high photosynthetic productivity.

Keywords: herbaceous peony; photosynthetic characteristics; light compensation point; light
saturation point

1. Introduction

The herbaceous peony (Paeonia lactiflora Pall.) is a perennial herb belonging to the
Paeoniaceae family that is widely cultivated worldwide. Currently, cultivated herbaceous
peony cultivars are divided into three groups: lactiflora, hybrid, and Itoh. Herbaceous
peony is a typical temperate long-day plant that prefers warmth; however, it is resistant to
cold [1]. Numerous herbaceous peony cultivars, with various attractive colors and patterns,
exist and are widely used, for example, in landscaping and as fresh-cut flowers and potted
plants. Herbaceous peony not only has high ornamental value, but also medicinal, edible,
and health-care values. Its roots contain pharmacologically active ingredients, such as
paeoniflorin, and its petals contain various nutrients, active ingredients, and minerals [2].
Organ growth and development in herbaceous peony is affected by climatic conditions.
Flower bud differentiation, a critical step in the flowering process, occurs during the
autumn–winter (short-day season), and flower bud development and flowering occur
during the long days of summer. In conditions of insufficient light or during short days,
mixed bud germination occurs and may result in plants having long leaves without flowers
or with abnormal flowers [3], seriously affecting the ornamental and medicinal value of
herbaceous peony.
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Plant photosynthetic characteristics play a decisive role in plant productivity [4,5].
Studies have shown that improved photosynthetic capacity increases the quantity and qual-
ity of herbaceous peony flowers, extends their flower life, and enhances their ornamental
value [6]. The photosynthetic process is sensitive to the environment [7,8]. Environmental
factors such as light and humidity play important roles in regulating carbohydrate ex-
change in plant leaves. Stomatal opening and closing are regulated by the activation of
photosensitive ion channels. When light intensity is high, the ion channels are activated,
resulting in stomatal opening. In contrast, when light is weak or absent, these channels
are not activated and the stomata remain closed [9]. The state of stomatal opening directly
affects the transpiration rate of plant leaves. When the humidity around the leaves or in the
surrounding environment is too high during the day, the plant controls the transpiration
rate by adjusting stomatal closure [10]. When plants adapt to changes in the external
environment, photosynthetic characteristics change correspondingly, leading to certain
differences in the photosynthetic performance of different germplasm of the same plant.

When cultivated for medicinal purposes, herbaceous peony is generally propagated
from seeds sown into a field, and plants can be harvested after 3–5 years of vegetative
growth. When cultivated for ornamental purposes, they are generally propagated using
division propagation, and daughter plants require 3–4 years of vegetative growth before
they can be divided again. Furthermore, the low reproduction coefficient limits the devel-
opment of high-value cultivars [11]. The more suitable the seasonal light conditions with
more energy available, the more vigorous the vegetative growth and the higher the organic
matter accumulation [12]. The suitability of the light intensity for herbaceous peony plants
is related to the growth of the vegetative organs, photosynthetic production, storage of
nutrients in the root system, development of scale buds in the winter, and consumption of
accumulated resources for flowering in the spring of the following year [13].

The slow propagation and cultivation of new cultivars restrict the development of the
herbaceous peony industry, which requires modernization and industrialization to improve
the quantity and quality of herbaceous peony cultivars. A previous study showed clear and
stable genetic differences in the photosynthetic rate among peony cultivars and among indi-
viduals of the same cultivar, indicating the possibility of breeding crop cultivars with high
photosynthetic rates [14]. Hence, high-light-efficiency breeding has become a hot topic in
plant genetic breeding. In this study, we aimed to generate a theoretical basis for the breed-
ing of new varieties with high light efficiency. Toward this aim, we dynamically monitored
the typical photosynthetic metrics—net photosynthetic rate (Pn), intercellular carbon diox-
ide concentration (Ci), transpiration rate (Tr), and stomatal conductance (Gs)—of different
herbaceous peony cultivars, and light–response curves under various light intensities were
dynamically monitored. We compared the photosynthetic characteristics of the different
cultivars according to the light saturation and compensation points. Our findings provide
technical support for the cultivation and further industrialization of herbaceous peony.

2. Materials and Methods

2.1. Test Site and Materials

The experiment was completed in early May 2022 at the Herbaceous Peony Resource
Nursery and Horticultural Experiment Center of Shandong Agricultural University, lo-
cated in the south of Tai’an City (35◦38′ N 116◦02′ E), China. The center is located in
a temperate semi-humid continental monsoon climate zone with four distinct seasons:
summer, winter, autumn, and spring. Summers and winters are long, whereas spring and
autumn seasons are short. Rainfall is concentrated during the summer. The mean annual
temperature ranges between 11 and 14 ◦C, with occasionally extremely low temperatures
around −20 ◦C and extremely high temperatures around 41 ◦C. The region has a frost-free
period of approximately 187 days, and annual precipitation of 600–700 mm. The mean
annual relative humidity is 65%. The 20 experimental herbaceous peony cultivars ana-
lyzed in this study were ‘Xuanyuanhonghua’, ‘Fushi’, ‘Yangfeichuyu’, ‘Huguangshanse’,
‘Fenchijinyu’, ‘Gaoganhong’, ‘Bingshan’, ‘Xuefeng’, ‘Qingwen’, ‘Taohuafeixue’, ‘Tianshan-
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hongxing’, ‘Qingtianlan’, ‘Guifeichacui’, ‘Dafugui’, ‘Hongfeng’, ‘Chifen’, ‘Hongxiuqiu’,
‘Qihualushuang’, ‘Dongjingnvlang’, and ‘Hongfushi’ (Figure 1). All cultivars were planted,
cultivated, and managed under the same natural conditions. The planting density was
80 cm × 80 cm. The plants were planted in loam soil, pH 7.6, with an organic matter con-
tent of 23.32 g kg−1, ammonium nitrogen content of 25.72 g kg−1, nitrate nitrogen content
of 1.70 g kg−1, available phosphorus content of 47.63 g kg−1, and available potassium
content of 79.00 g kg−1.

Figure 1. Herbaceous peony cultivars tested in this study. Note: 1, ‘Xueyuanhonghua’; 2, ‘Fushi’;
3, ‘Yangfeichuyu’; 4, ‘Huguangshanse’; 5, ‘Fenchijinyu’; 6, ‘Gaoganhong’; 7, ‘Bingshan’; 8, ‘Xue-
feng’; 9, ‘Qingwen’; 10, ‘Taohuafeixue’; 11, ‘Tianshanhongxing’; 12, ‘Qingtianlan’; 13, ‘Guifeichacui’;
14, ‘Dafugui’; 15, ‘Hongfeng’; 16, ‘Chifen’; 17, ‘Hongxiuqiu’; 18, ‘Qihualushuang’; 19, ‘Dongjingn-
vlang’; and 20, ‘Hongfushi’.

2.2. Measurement of Daily Variation in Net Photosynthesis

According to the method of Du [15], net Pn, Ci, Tr, and Gs were measured on a sunny
day with full sunshine and few clouds, using a CIRAS-3 portable photosynthesis analyzer
(PP Systems; Boston, MA, USA). Measurements were obtained from healthy, functional
leaves with robust, consistent growth and at the same plant position. Three herbaceous
peony plants were selected for each cultivar, three functional leaves were measured for
each plant, and the measurements were repeated thrice for each leaf. The leaf chamber
conditions were consistent with the natural environment during the measurement. Daily
photosynthesis metrics were measured at 08:00, 10:00, 12:00, 14:00, 16:00, and 18:00.
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2.3. Establishment of Photosynthetic Light-Response Curves

According to Du [15], data for photosynthetic light-response curves were collected
using the CIRAS-3 instrument. The measurement conditions were set as follows: CO2
concentration, 360 mg L−1; relative humidity, 60%; and light intensity 2000, 1600, 1200, 800,
400, 200, 100 and 0 μmol·m−2s−1. Light–response curves were obtained on sunny days
from 10:00 to 11:30.

2.4. Data Analysis

Microsoft Excel software (Office 2016, Microsoft, Redmond, WA, USA) was used to
analyze the data and create graphs. SPSS Statistics V22.0 (IBM Corp., Armonk, NY, USA)
was used to analyze the errors, significance of differences, and principal components. The
least significant difference and Duncan’s new multiple-range tests were used to compare
the differences among samples. The Kaiser–Meyer–Olkin test and Bartlett sphere test were
used to test the applicability of factor analysis to the original data.

3. Results

3.1. Diurnal Variation in Photosynthetic Parameters in 20 Herbaceous Peony Cultivars
3.1.1. Diurnal Variation in Pn

The Pn of the 20 herbaceous peony cultivars showed a “unimodal” trend (Figure 2).
In the morning, with increasing light intensity and temperature, Pn continued to increase,
and it peaked around 12:00 for all cultivars. In the afternoon, with the weakening of light
intensity, the Pn values of the cultivars continually declined until 18:00, when the lowest
values were reached. In the afternoon, ‘Dongjingnvlang’ exhibited the largest decline in
Pn of approximately 10 μmol·m−2s−1, whereas ‘Guifeichacui’ and ‘Dafugui’ exhibited the
smallest Pn reductions of approximately 4 μmol·m−2s−1.

Figure 2. Diurnal changes in the net photosynthesis rate (Pn) of the 20 herbaceous peony cultivars.
Different lowercase letters indicate differences among the 20 herbaceous peony cultivars at the same
time at p < 0.05; error lines indicate standard errors.

Seven cultivars had a Pn peak value between 11 and 13 μmol·m−2s−1: ‘Xuanyuan-
honghua’, ‘Fenchijinyu’, ‘Qingwen’, ‘Taohuafeixue’, ‘Chifen’, ‘Qihualushuang’, and
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‘Dongjingnvlang’. For 13 cultivars, the Pn peak was between 6 and 11 μmol·m−2s−1:
‘Fushi’, ‘Yangfeichuyu’, ‘Huguangshanse’, ‘Gaoganhong’, ‘Bingshan’, ‘Xuefeng’, ‘Qingwen’,
‘Tianshanhongxing’, ‘Guifeichacui’, ‘Dafugui’, ‘Hongfeng’, ‘Hongxiuqiu’, and ‘Hongfushi’.

3.1.2. Diurnal Variation in Gs

The Gs showed similar patterns, with only small differences noted among different
cultivars (Figure 3). The Gs of each cultivar exhibited a variation trend similar to that of
Pn. From 08:00 onwards, Gs showed an upward trend and peaked around 12:00 for all
cultivars. In the afternoon, the Gs continually declined until 18:00, when the lowest values
were observed.

Figure 3. Diurnal changes in the stomatal conductance (Gs) of the 20 herbaceous peony cultivars.
Different lowercase letters indicate differences among the 20 herbaceous peony cultivars at the same
time at p < 0.05; error lines indicate standard errors.

Ten cultivars, ‘Yangfeichuyu’, ‘Huguangshanse’, Fenchijinyu’, ‘Bingshan’, ‘Qing-
tianlan’, ‘Guifeichacui’, ‘Hongfeng’, ‘Hongxiuqiu’, ‘Dongjingnvlang’, and ‘Hongfushi’
had a Gs peak of 0.3–0.4 mmol·m−2s−1, whereas the other 10 cultivars, ‘Xuanyuan-
honghua’, ‘Fushi’, ‘Gaoganhong’, ‘Xuefeng’, ‘Qingwen’, ‘Taohuafeixue’, ‘Tianshanhongx-
ing’, ‘Dafugui’, ‘Chifen’, and ‘Qihualushuang’ had a Gs peak of 0.4–0.5 mmol·m−2s−1.

3.1.3. Diurnal Variation in Ci

The average daily Ci showed similar trends among the tested cultivars. The highest
values were observed in the morning, after which they decreased by 12:00, and increased
again in the evening. This “high–low–high” trend of Ci contrasted with that of the daily
variation in Pn (Figure 4).
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Figure 4. Diurnal changes in the intracellular CO2 concentration (Ci) of the 20 herbaceous peony
cultivars. Different lowercase letters indicate differences among the 20 herbaceous peony cultivars at
the same time at p < 0.05; error lines indicate standard errors.

From 08:00 to 12:00, the Ci values of all cultivars decreased; the Ci values of ‘Yangfe-
ichuyu’, ‘Qingtianlan’, and ‘Hongxiuqiu’ decreased the least, by approximately
40–50 μmol·m−2s−1. However, the Ci values of ‘Huguangshanse’, ‘Gaoganhong’, ‘Xue-
feng’, and ‘Qingwen’ exhibited the largest decrease of approximately 100 μmol·m−2s−1.
The decrease in Ci of the remaining 13 cultivars varied from 70 to 100 μmol·m−2s−1.

From 12:00 to 18:00, the Ci values of all tested cultivars rebounded, and those of
‘Xueyuanhonghua’, ‘Huguangshanse’, ‘Gaoganhong’, and ‘Bingshan’ increased the most, by
150–160 μmol·m−2s−1. The Ci value of ‘Qingtianlan’ increased the least, by approximately
70 μmol·m−2s−1. The Ci value of the remaining 15 cultivars increased by 90–140 μmol·m−2s−1.

3.1.4. Diurnal Variation in Tr

The daily variation trend of the Tr of the tested cultivars was similar to that of
Pn, both of which were unimodal, and the peak values were observed around 12:00
(Figure 5). From 08:00 to 12:00, the Tr increased the most in ‘Yangfeichuyu’, by approxi-
mately 9 mmol·m−2s−1, followed by ‘Tianshanhongxing’, ‘Guifeichacui’, ‘Dafugui’, and
‘Qihualushuang’, for which the Tr increased by approximately 8 mmol·m−2s−1. The rate of
increase in Tr for ‘Fenchijinyu’ and ‘Bingshan’ was approximately 5 mmol·m−2s−1. The Tr
of the remaining 13 cultivars increased by 6–7 mmol·m−2s−1.

From 12:00 to 18:00, the Tr values decreased. The largest decrease of 10.2 mmol·m−2s−1

was observed for ‘Guifeichacui’, followed by ‘Fenchijinyu’, ‘Tianshanhongxing’, and
‘Hongxiuqiu’, for which the Tr decreased by approximately 9.3 mmol·m−2s−1. The small-
est decrease in Tr was observed for ‘Dongjingnvlang’ (5.8 mmol·m−2s−1), followed by
‘Huguangshanse’, ‘Xueyuanhonghua’, ‘Fushi’, and ‘Bingshan’. The Tr value of the remain-
ing 11 cultivars decreased by 7–8 mmol·m−2s−1.

Ten cultivars, ‘Xuanyuanhonghua’, ‘Fushi’, ‘Yangfeichuyu’, ‘Qingwen’, ‘Taohuafeixue’,
‘Tianshanhongxing’, ‘Guifeichacui’, ‘Dafugui’, ‘Chifen’, and ‘Qihualushuang’, had a Tr peak
of 10–13 mmol·m−2s−1, whereas the other 10 cultivars, ‘Huguangshanse’, ‘Fenchijinyu’,
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‘Gaoganhong’, ‘Bingshan’, ‘Xuefeng’, ‘Qingtianlan’, ‘Hongfeng’, ‘Hongxiuqiu’, ‘Dongjingn-
vlang’, and ‘Hongfushi’, had a Tr peak of 7–10 mmol·m−2s−1.

Figure 5. Diurnal changes in the transpiration rate (Tr) of the 20 herbaceous peony cultivars. Different
lowercase letters indicate differences among the 20 herbaceous peony cultivars at the same time at
p < 0.05; error lines indicate standard errors.

3.2. Light–Response Curves for the 20 Herbaceous Peony Cultivars

When the light intensity was less than 400 μmol·m−2s−1, the Pn showed a linear
trend and increased rapidly with the increase in photosynthetically active radiation (PAR).
When PAR exceeded 400 μmol·m−2s−1, the increase in Pn gradually decreased (Figure 6).
When PAR was greater than 1200 μmol·m−2s−1, the Pn value tended to become sta-
ble; thus, the maximum Pn (Pnmax) was reached. When PAR ranged between 1200 and
2000 μmol·m−2s−1 with an increase in light intensity, the Pnmax remained stable: it reached
the light saturation point (LSP), and the photosynthetic rate at this time reflected the
maximum photosynthetic capacity of plant leaves. The Pnmax values corresponding to
the LSPs of all cultivars were concentrated in the range of 8–13 μmol·m−2s−1. Eight
cultivars, ‘Huguangshanse’, ‘Bingshan’, ‘Xuefeng’, ‘Guifeichacui’, ‘Hongfeng’, ‘Chifen’
‘Qihualushuang’, and ‘Dongjingnvlang’ had a Pnmax value between 8 and 10 μmol·m−2s−1.
Five cultivars, ‘Yangfeichuyu’, ‘Fenchijinyu’, ‘Gaoganhong’, ‘Taohuafeixue’, and ‘Hongxi-
uqiu’ had a Pnmax between 10 and 11 μmol·m−2s−1. Seven cultivars, ‘Xuanyuanhonghua’,
‘Fushi’, ‘Qingwen’, ‘Tianshanhongxing’, ‘Qingtianlan’, ‘Dafugui’, and ‘Hongfushi’ had a
Pnmax between 11 and 13 μmol·m−2s−1.

When Pn is zero, the nutrients produced by the leaves and the nutrients consumed
during respiration reach a dynamic equilibrium, and the corresponding light intensity
is termed the light compensation point (LCP). The LCPs of the 20 cultivars varied in
the range of 10–70 μmol·m−2s−1. Eight cultivars, ‘Xuanyuanhonghua’, ‘Qingwen’, ‘Tao-
huafeixue’, ‘Tianshanhongxing’, ‘Qingtianlan’, ‘Guifeichacui’, ‘Chifen’, and ‘Hongxiuqiu’
had an LCP between 10 and 30 μmol·m−2s−1. Seven cultivars, ‘Fushi’, ‘Yangfeichuyu’,
‘Huguangshanse’, ‘Gaoganhong’, ‘Bingshan’, ‘Dafugui’, and ‘Hongfeng’ had an LCP be-

94



Horticulturae 2023, 9, 1331

tween 10 and 30 μmol·m−2s−1. Five cultivars, ‘Fenchijinyu’, ‘Xuefeng’, ‘Qihualushuang’,
‘Dongjingnvlang’, and ‘Hongfushi’ had an LCP between 10 and 30 μmol·m−2s−1.

Figure 6. Light–response curves for the 20 herbaceous peony cultivars. Different lowercase letters
indicate differences among the 20 herbaceous peony cultivars at the same light intensity at p < 0.05;
error lines indicate standard errors.

3.3. Comprehensive Evaluation of the Photosynthetic Characteristics of the 20 Herbaceous
Peony Cultivars

Principal component analysis of the various indices measured at various times in the
20 cultivars tested revealed that the variance contribution rate of the first six principal
components was 39.428%, 16.775%, 11.586%, 6.849%, 6.354%, and 4.667%, respectively, and
the cumulative variance contribution rate was 85.659%. All eigenvalues were greater than
one, indicating that the principal components well represented the information contained
in the photosynthetic characteristics of herbaceous peony. Therefore, these six principal
components can be used as comprehensive indicators for evaluating the photosynthetic
characteristics of herbaceous peony (Table 1).

Table 1. Factor analysis of photosynthetic parameters for the 20 herbaceous peony cultivars.

Principal
Component

Eigenvalue
Variance

Contribution Rate
%

Cumulative
Contribution Rate

%

1 12.617 39.428 39.428
2 5.368 16.775 56.204
3 3.707 11.586 67.789
4 2.192 6.849 74.638
5 2.033 6.354 80.992
6 1.493 4.667 85.659

The functional expression of the six principal components was obtained based on the
eigenvalues and load values of the principal components. By substituting standardized
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data into the principal component function expression, F1, F2, F3, F4, F5, and F6 scores
were obtained. A comprehensive score function for each cultivar was obtained by summing
the product of the score value of each principal component and the variance contribution
rate of the corresponding characteristic value: F = 0.394 × F1 + 0.168 × F2 + 0.116 × F3 +
0.685 × F4 + 0.635 × F5 + 0.467 × F6. The composite scores of the different cultivars were
calculated and sorted; the results are shown in Table 2.

Table 2. Factor scores and ranking of photosynthetic parameters for the 20 herbaceous peony cultivars.

Cultivar
Score of Each Principal Component

Total Score F Order
F1 F2 F3 F4 F5 F6

‘Qingwen’ 6.69 1.29 0.42 0.05 1.17 0.52 3.93 1
‘Xueyuanhonghua’ 6.07 0.55 3.39 0.13 0.58 0.56 3.60 2

‘Yangfeichuyu’ −0.18 0.10 1.68 2.85 −0.79 0.20 1.68 3
‘Xuefeng’ −0.78 1.90 −1.89 0.86 2.79 −1.52 1.44 4
‘Chifen’ 2.98 2.90 −3.54 −1.38 −0.05 2.41 1.40 5

‘Gaoganhong’ 0.50 0.83 0.00 0.01 2.20 −0.76 1.39 6
‘Tianshanhongxing’ 6.96 −2.87 −0.80 0.32 −1.28 −0.67 1.27 7

‘Qihualushuang’ −0.79 4.65 −1.35 2.96 −2.29 0.72 1.22 8
‘Taohuafeixue’ 1.33 −0.90 0.87 −0.49 1.16 0.56 1.13 9
‘Guifeichacui’ −1.59 −1.75 −1.75 0.62 0.13 0.47 −0.39 10

‘Bingshan’ −4.40 −0.41 −0.37 0.31 2.14 −0.42 −0.47 11
‘Dafugui’ 2.27 −4.14 −1.49 −0.24 −0.12 −1.11 −0.73 12

‘Huguangshanse’ −5.58 0.27 2.59 0.49 0.76 0.43 −0.84 13
‘Fenchijinyu’ −1.97 2.68 2.21 −1.06 −0.11 −0.15 −0.94 14

‘Fushi’ −0.49 −1.26 3.19 −0.86 −0.66 −0.23 −1.15 15
‘Qingtianlan’ −0.94 −2.17 −1.36 −0.94 −0.39 0.17 −1.70 16
‘Hongfeng’ −3.49 −2.08 −2.38 1.39 −0.57 −0.69 −1.74 17
‘Hongfushi’ −1.19 −1.19 1.26 0.49 −2.38 −0.74 −2.04 18

‘Hongxiuqiu’ −4.45 −2.01 −0.01 −2.12 −0.44 2.84 −2.50 19
‘Dongjingnvlang’ −0.96 3.61 −0.66 −3.39 −1.85 −2.60 −4.56 20

3.4. Cluster Analysis of Photosynthetic Metrics among the 20 Herbaceous Peony Cultivars

A systematic cluster dendrogram of photosynthetic metrics directly reflects the simi-
larity of photosynthetic productivity of different cultivars; the earlier they are aggregated,
the more similar their photosynthetic characteristics. The average distance clustering
method was used to cluster 20 herbaceous peony cultivars with six factors score as vari-
ables. (Figure 7). Based on the similarity of their photosynthetic characteristics, the cultivars
were divided into three major groups: Group I, whose Pn, Gs, and Tr values were low
indicating weak photosynthetic productivity, comprised five cultivars, ‘Qingtianlan’, ‘Guife-
ichacui’, ‘Dafugui’, ‘Hongfeng’, and ‘Hongxiuqiu’. Group II, with medium photosynthetic
productivity, comprised 12 cultivars, ‘Fushi’, ‘Tianshanhongxing’, ‘Chifen’, ‘Hongfushi’,
‘Yangfeichuyu’, ‘Taohuafeixue’, ‘Huguangshanse’, ‘Fenchijinyu’, ‘Gaoganhong’, ‘Xuefeng’,
‘Bingshan’, and ‘Dongjingnvlang’. And Group III, whose Pn, Gs, and Tr values were high in-
dicating high photosynthetic productivity, comprised three cultivars, ‘Xuanyuanhonghua’,
‘Qingwen’, and ‘Qihualushuang’. According to the cluster analysis, the cultivars ‘Qingwen’,
‘Xuanyuanhonghua’, and ‘Qihualushuang’ had the best photosynthetic characteristics, and
they also ranked high (first, second, and eighth, respectively) in terms of the comprehensive
score in the principal component analysis. Thus, the results of the cluster and principal
component analyses were highly consistent, suggesting that this approach can be used to
effectively screen high-value germplasm resources.
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Figure 7. Clustering tree of 20 herbaceous peony cultivars.

4. Discussion

Photosynthesis accounts for 90–95% of dry matter production in plants. As such,
photosynthesis is closely related to plant growth and an important parameter in cultivar se-
lection and breeding [16,17]. Li et al. [18] studied the photosynthetic characteristics of four
wild oil peony species from 11 sources in different provinces of China and identified culti-
vars with strong photosynthetic capacity as excellent sources. Chen et al. [13] compared the
photosynthetic characteristics of 10 types of Cypripedium plants introduced from Changbai
Mountain, providing a theoretical basis for the artificial introduction and cultivation of
wild resources. The photosynthetic capacity differs among plant species and cultivars, and
ecological factors, such as light, temperature, water, and air, affect plant photosynthesis [19].
Differences in the photosynthetic characteristics of different herbaceous peony cultivars
have been attributed to a combination of parental differences and long-term adaptation to
environmental conditions [20]. Photosynthetic products play an important role in main-
taining the high ornamental value of herbaceous peony, and high-light-efficiency breeding
is an important method for improving the overall photosynthetic capacity of herbaceous
peony cultivars [21].

The photosynthetic characteristics of herbaceous peony leaves change in correspon-
dence with diurnal changes in light intensity, temperature, and humidity. The Pn, which is
mainly influenced by Ci, Gs, and Tr, determines the photosynthetic capacity of plants [22–24].
In herbaceous peony, the diurnal variation in Pn reportedly is “bimodal” under strong
summer light, with a “photosynthetic siesta phenomenon,” and “unimodal” under light
shade [15]. In our study, the diurnal variation in Pn measured in early May followed
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a unimodal pattern in all herbaceous peony cultivars tested, and the peak values were
observed around 12:00. Stomatal conductance is readily affected by the environment, with
high Gs being conducive to gas exchange, allowing the entry of additional CO2 from the
air [9]. The differences in diurnal Gs values among the cultivars were small, and the curves
showed similar trends: the highest Gs occurred around 12:00, and the lowest values were
observed in the morning and evening. There was a negative feedback adjustment between
Gs and Ci [25]. In our study, the diurnal variation in Ci was the highest in the morning for
all cultivars. By 12:00, it had decreased, and in the evening, it increased again. Tr daily
variation showed a similar “low–high–low” trend as Pn daily variation, both of which
followed single-peak curves, with the peaks occurring around 12:00. Principal compo-
nent analysis is a relatively mature comprehensive evaluation method widely used in
germplasm resource evaluation and screening [26]. According to the comprehensive score
ranking, ‘Xueyuanhonghua’, ‘Qingwen’, ‘Taohuafeixue’, ‘Chifen’, and ‘Qihualushuang’
had relatively high photosynthetic productivity. Cluster analysis results corroborated that
these cultivars had strong photosynthetic capacity, and screening by principal component
analysis and cluster analysis validated mutual verification.

Herbaceous peony is a light-loving plant that requires sufficient light during growth;
however, some cultivars can grow and develop normally under light shade [12]. Light–
response curves reflect plant adaptability to and utilization ability of different light in-
tensities [27]. Studies have reported that moderate shade during the flowering period
of herbaceous peony in the summer, which increases the environmental humidity and
decreases the temperature, can extend the flowering period and prevent sunburn [28,29].
In this study, when the PAR was 0–400 μmol·m−2s−1, the Pn of the herbaceous peony culti-
vars increased linearly, and with subsequent increases in light intensity, the Pn gradually
reached a saturation level. The LCP and LSP represent the light demand characteristics
of plants [30,31]. The LCP represents the ability of plants to adapt to low light [32]. The
eight cultivars with the lowest LCPs, ‘Xueyuanhonghua’, ‘Qingwen’, ‘Taohuafeixue’, ‘Tian-
shanhongxing’, ‘Qingtianlan’, ‘Guifeichacui’, ‘Chifen’, and ‘Hongxiuqiu’, were more shade
tolerant than the other cultivars and, therefore, can be planted in low-light environments,
such as forests and shaded slopes in garden landscapes. The seven cultivars with the
highest LSPs, ‘Xueyuanhonghua’, ‘Fushi’, ‘Qingwen’, ‘Tianshanhongxing’, ‘Qingtianlan’,
‘Dafugui’, and ‘Hongfushi’ were more resistant to bright light [33]. According to the light
demand characteristics of different herbaceous peony cultivars, plant allocation can be
a reasonable approach to achieving the purposes of obtaining high yields and creating
rich landscapes.

5. Conclusions

In this study, the photosynthetic characteristics and light responses of 20 herbaceous
peony cultivars were dynamically monitored. Four cultivars with strong shade tolerance
and high photosynthetic productivity were ‘Xueyuanhonghua’, ‘Qingwen’, ‘Taohuafeixue’,
and ‘Chifen’, which can be cross-bred to create new cultivars of shade-tolerant flowers. For
breeding new cultivars with strong light resistance and high photosynthetic productivity,
two cultivars ‘Xueyuanhonghua’ and ‘Qingwen’ were identified as potential parents. Two
cultivars, ‘Xueyuanhonghua’, and ‘Qingwen’, were both light and shade resistant and
had strong photosynthetic productivity and can be cross-bred to obtain both light- and
shade-resistant flower cultivars. This study provides a theoretical basis for breeding of
highly efficient new varieties.
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Abstract: Amaryllis belladonna is an autumn-flowering bulbous geophyte endemic to the Western
Cape, South Africa. The species’ erratic flowering disposition and brief flowering period upon
maturity limit its economic productivity and competitiveness within the traditional genera of cut
flowers and potted plants. However, it can be an attractive, eco-friendly, seasonal addition to the
specialty floriculture market. A 10-month study evaluated the effects of a warm storage period on
A. belladonna bulbs’ flowering yield, flowering time, quality characteristics, and foliage growth. The
experiment comprised dormant flower-sized bulbs randomly assigned to one of six storage regimes
of either a 0- (no storage control), 4-, 6-, 8-, 10-, or 12-week interval periods at a continuous warm
temperature of 23 ± 1 ◦C before planting into pots between mid-November 2021 and mid-February
2022 in the greenhouse. The results showed that flowering production (64.3% flowering after the
12-week storage), flowering time (anthesis occurring 9 days after the 10- and 12-week storage), and
quality attributes (number of florets in the inflorescence, scape diameter, inflorescence fullness ratio,
and pot longevity) of A. belladonna scapes were significantly impacted by warm bulb storage, but
not foliage growth. Irrespective of bulb storage, inflorescence abortion occurred. An extended bulb
storage did not advance the flowering time despite a greater harvest and shorter cultivation periods
after planting. This study established that a cumulative temperature range during bulb dormancy is
crucial for supporting the A. belladonna inflorescence maturity’s energetic demands and the opening
of floret buds. Bulbs should be stored at elevated temperatures for at least 8–10 weeks to attain the
best floret-quality attributes and longevity. However, for an economical and sustainable greenhouse
and specialty cut flower production, 12-week warm bulb storage is recommended to achieve the
optimal anthesis in the shortest interval for this seasonal single-harvest species after planting.

Keywords: Amaryllidaceae; anthesis; dormancy; specialty cut flower; temperature duration;
traditional cut flower

1. Introduction

Cut flowers and potted plants are among the most extensively produced and marketed
ornamentals in the leading and competitive traditional floriculture sector and a multibillion-
dollar international export-oriented industry [1,2]. Successful cultivation and production
of these ornamental crops have generally emphasised the species appeal, aesthetic traits,
and flowering time variation, with significant efforts to attain these targets to meet timeous
demands [3,4]. However, a recent awareness of ornamental horticulture has rekindled the
interest in features of production sustainability as a selection criterion [5,6]. This movement
has been propelled by the realisation of the high levels of resource consumption, energy-
intensive production techniques, rapid distribution channels, and profitability to preserve
and maintain the traditional standards of ornamental crops at the expense of biodiversity
and contribution to the values of the local ecosystems, culture, and societal well-being [5–7].
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Due to the significant sustainability issues associated with ornamental plants, producers,
and sellers must analyse and mitigate the species’ life cycle assessment (LCA) through
sustainable and integrated production techniques for future cultivation [5,6]. Among them,
given the high cost of greenhouse production and maintenance, spending less time in the
greenhouse would alleviate the load on the LCA and minimise production costs [5,8,9].
As a result, speciality cut flower (SCF) production and sales have increased over the last
15 years, drawing attention to the critical role they serve in the worldwide floriculture
industry as a viable and sustainable substitute to traditional cut flower (TCF) crops [4].
The SCF market objectives promote various aesthetic features and are strengthened by
the preservation of indigenous and underutilised flora grown locally, seasonally, and
sustainably produced [4,6,10].

Amaryllis belladonna L. is an inimitable autumn-flowering bulbous geophyte endemic
to the botanically diverse fynbos biome of South Africa’s Cape Floristic Region [11–14]. For-
merly, A. belladonna was classified as a monotypic genus of the Amaryllidaceae family [15].
The species is cultivated and naturalised in Mediterranean regions worldwide, where hot,
dry summers alternate with mild, wet winters [11,13,14]. Amaryllis belladonna owes its
numerous vernacular names, “Belladonna Lily”, “March Lily”, and “Naked Lady”, to its
hysteranthous habit, which displays a solitary inflorescence on a naked stem in late summer
to early autumn. The umbellate floral arrangement consists of fragrant, trumpet-shaped
florets that open in coordinated succession to exhibit a range of iridescent pale ivory to
deep pink-shaded tepals (Figure 1A). Its strap-shaped leaves unfurl actively at the onset of
winter rains and cooler autumn temperatures. When late spring transcends and seasonal
temperatures rise, the leaves wither, initiating the bulb’s summer dormancy [11–14].

Figure 1. Amaryllis belladonna in full anthesis as a cut flower (A) or potted plant (B) (photos:
C. Wilmot).

In a variety of floriculture, landscape, and ornamental industry settings, the peren-
nial bulb’s seasonal adaptability, aesthetic splendour, drought tolerance, and minimal
maintenance needs, along with its closely related and well-known species, Clivia, Nar-
cissus, and Nerine, have brought conscious recognition to their valuable and desirable
commodities [3,4,16–18]. The comparatively short flowering period of A. belladonna, which
predictably lasts between six and nine weeks, is a significant shortcoming despite the
species’ promising allure. In addition, once a critical bulb size is attained, each bulb pro-
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duces only a single inflorescence per season and often encounters a capricious flowering
disposition [12,14,19], limiting its marketable application as an influential cut flower and
potted plant under the tight parameters of the traditional floriculture trade (Figure 1A,B).

Flowering is a multifaceted complexity of sequential events governed by endogenous
mechanisms and extrinsic environmental signals [20–22]. According to several authors,
temperature is a critical factor influencing the numerous physiological and morphological
processes involved in the induction and differentiation of floral organs and flowering
time [21,23–28]. Temperature regulation during dormancy is crucial to regulate bulbs’
reproductive forcing, qualities and timing intended to produce timely high-quality flow-
ers [5,29,30]. Although organogenesis of bulb dormancy is an ecological adaptation that
allows plant species to survive unfavourable climatic conditions below the soil surface, it
provides a favourable stage for handling, treatment, and shipping [31]. Depending on their
natural phenological growth conditions, different taxa require different successive tempera-
ture regimes to pass through certain developmental stages to flowering [12,25,32]. Mediter-
ranean geophytes’ annual rhythmic cycles typically follow a warm–cold–warm cycle.

According to [33], there are many possibilities to increase flowering in A. belladonna
bulbs, including physical bulb traits (age, size, and dormancy), bulb disturbance and
replanting establishment, and environmental factors, such as temperature, to stimulate
flower initiation. Exposure to greater temperatures during summer dormancy encourages
flowering in the bulbs [13]. Warm storage treatments during dormancy are well-established
in the floriculture industry, and in addition to their ability to accelerate or delay flowering,
they increase quality attributes and yield percentages. Warm storage (between 25 ◦C and
30 ◦C) resulted in later flowering or vernalisation in several Ornithogalum bulb species,
leading to higher percentage yields and earlier flowering [24]. Similarly, when subjected
to consistently higher storage temperatures immediately after leaf wilting, saffron (Cro-
cus sativus L.) bulbs flowered earlier [34]. Storage temperatures up to 25 ◦C promoted
healthy vegetative development, inflorescence maturity and flower bud opening in Wat-
sonia corms [35]. Storage significantly impacted the flower diameter and number of days
before flowering in Hippeastrum [36] and accelerated flowering in Eucomis species [37].
Other Amaryllidaceae genera that flourish in hot, dry summer areas and respond to warm
storage techniques include Narcissus species, Nerine flexuosa, and N. sarniensis [38]. Accord-
ing to [24], standardised forcing protocols make an analysis and comparison extremely
challenging; therefore, clarifying the processes that modify these factors in floricultural
crops is essential to achieve sustainable production and increased product quality.

There is a pressing need to advance specialized cultivation technologies and adap-
tations to overcome obstacles in furthering our understanding of indigenous and under-
utilised plant species [10,16,39]. Progress cannot advance without thorough scientific
investigation, and the awareness that ornamental geophytes’ intrinsic genetic variation
and composition are increasingly valued [16,40,41], and research is needed to encourage
growers to cultivate and reintroduce these species to the industry [42,43]. Furthermore,
geophytes are a broad group of plants that impact agricultural production and as a result,
each novel insight into a species’s behavioural characteristics is crucial to its develop-
ment [31,44,45]. The floriculture industry may implement strategies in contrast to the
conventional mainstream that explore and establish alternative approaches to encourage
producers to cultivate and reintroduce more sustainable and resilient indigenous and un-
derutilised species for the SCF market, particularly in hot, dry climates with limited water
availability. Although extending A. belladonna’s flowering time would improve the seasonal
period of successful SCF production, the competent number of flower stems grown could
facilitate and regulate the expansion. These developments would enable greater financial
returns through increased market penetration and the ability to manage a larger, more
efficient single-harvest crop under sustainable growing methods at the same or lower cost
per unit value within the growing season [33]. The most effective approach for inducing
optimal flowering during A. belladonna’s dormancy has not been clearly defined, and there
is a scarcity of published scientific research assessing the precise duration of simulating
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warm temperatures and subsequent planting for these purposes. Therefore, to disseminate
a better understanding of the species complex LCA and facilitate the efficiency and expan-
sion of flower production as a sustainable niche crop for the SCF sector of the floricultural
network, Amaryllis belladonna bulbs were evaluated to establish the most effective warm
storage duration for the optimal flowering production, flowering time, visual quality, and
foliage characteristics after planting in the greenhouse.

2. Materials and Methods

2.1. Experimental Location

A 10-month study was conducted from mid-November 2021 to the end of September
2022 in the research greenhouse facility of the Department of Horticultural Sciences at the
Cape Peninsula University of Technology in Bellville, Cape Town, South Africa, 33◦55′45′′ S,
18◦38′31′′ E. The ventilated greenhouse includes a thermostatically regulated system and a
transparent polycarbonate roof sheet (Envirowatch, Envirowatch Solutions, Estcourt, South
Africa). Evaporative cooling walls, extractor fans, and heaters kept air temperatures in the
greenhouse between 21 ◦C and 26 ◦C during the day and 14 ◦C and 18 ◦C at night. The
relative humidity (RH) averaged 60%. Under natural light conditions, the daily average
photosynthetic photon flux density (PPFD) was 420 μmol/m2/s, with the intensity peaking
at 1020 μmol/m2/s. The photoperiod corresponded to the prevailing conditions between
late spring and early winter (9–12 h).

2.2. Plant Material and Preparation

Eighty-four dormant, flower-sized A. belladonna bulbs (30–33 cm circumference, cor-
responding to a diameter of 9.5–11 cm) were obtained from Assegaaibosch Farm on the
Agulhas Plain in the Western Cape, South Africa, in mid-November 2021 (mid–late spring
in the southern hemisphere) at the commencement of their dormancy period. Two weeks
prior, the contractile bulb roots were undercut deep beneath the soil to accelerate the
progression rate of late leaf senescence. After two weeks, the bulbs were uprooted while
preserving as many roots as possible and minimising damage, utilising traditional cultural
practices and those particular to the Amaryllidaceae species, as [46] outlined. The bulbs
were rinsed to remove any unwanted surface soil debris, stripped of senescent leaves, and
sorted to ensure sample homogeneity. Selected bulbs were later dipped in Sporekill™ (ICA
International Chemicals (Pty) Ltd., Stellenbosch, South Africa), a biocidal solution with
didecyldimethylammonium chloride as the active ingredient, at a dilution rate of 0.1% for
5 min, removed, air dried, and placed in warm storage.

2.3. Experimental Design and Treatment Set-Up

Experimental treatments included bulbs randomly assigned to one of six storage
regimes with intervals of 0 (no storage, control), 4, 6, 8, 10, or 12 weeks (Table 1). Storage-
treated bulbs were conditioned in breathable containers at a constant temperature of
23 ± 1 ◦C and 60% relative humidity in a ventilated and darkened room in mid-November
2021. The continuous warm storage temperature was derivative of the relative mean
ambient temperature of the bulb’s endemic phenological region during the height of
summer. After the prescribed storage intervals, the bulbs were planted individually into
standard round plastic pots (20 cm diameter and 3 L volume) in mid-November (0-control),
mid-December (4 weeks), end-December (6 weeks), mid-January (8 weeks), end-January
(10 weeks), and mid-February (12 weeks) and placed in the greenhouse for further de-
velopment, differentiation, and flowering (Table 1). The pots were filled with a growing
substrate consisting of sieved compost, fine river sand, and pre-rinsed silica sand (Consol®,
grade 6/17) at a ratio of 1:1:1 (v/v/v), ensuring that the neck of each bulb was visible on
the surface [46]. A weekly soil drench with tap water (of equal quantities) was applied
manually to maintain moisture levels in all planted bulb treatments. Experimental pots
were placed on the greenhouse floor in a complete randomised block design (CRBD) with
14 sample replicates per storage interval (n = 14).
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Table 1. Warm bulb storage duration of a continuous 23 ± 1 ◦C at 60% RH in a ventilated, darkened
room and the subsequent planting time after storage in the greenhouse.

S/N Code Storage Duration Description
Subsequent Planting Time

after Storage

1 D1 0-week bulb storage (c) (0 days) (mid-November 2021)
2 D2 4-week bulb storage (28 days) (mid-December 2021)
3 D3 6-week bulb storage (42 days) (end-December 2021)
4 D4 8-week bulb storage (56 days) (mid-January 2022)
5 D5 10-week bulb storage (70 days) (end-January 2022)
6 D6 12-week bulb storage (94 days) (mid-February 2022)

D = storage duration; (c) = control.

2.4. Data Collection
2.4.1. Determination of Inflorescence Morphological Development

Morphological data were recorded as markers of inflorescence growth and develop-
ment (that remained attached to the potted bulb) using a standard soft cloth metric tape
measure (Empisal EMT-001, Builders Warehouse, Boksburg, South Africa), a stainless-steel
ruler (Sealy, Leroy Merlin, Boksburg, South Africa) with readability of 1500 × 12 mm and
450 × 25 mm, respectively, and a steel vernier calliper (Grip GV9370, Leroy Merlin, South
Africa) with a readability of 0.02 mm.

The following parameters were used to assess inflorescence characteristics: percentage
of bulbs that produced a flowering inflorescence, length and diameter of the stem (scape)
(mean relative value determined both at the widest point and when rotated horizontally
through 90◦), number of florets per inflorescence, and length and diameter of a single floret
(the first floret to develop). The diameter of the inflorescence crown, fullness ratio, and
potted longevity were evaluated to assess the marketability of the potted bulb inflorescence.
The diameter of the inflorescence crown was determined using the mean relative value of
the distance measured from one side of the circumferential edge through the centre of the
umbel arrangement to the outermost edge and at a horizontal rotation of 90◦ (Figure 2).
The fullness ratio was calculated as the ratio of florets to crown diameter, and inflorescence
longevity was characterised as the time interval between the opening of the first and the
wilting of the last floret on a potted inflorescence scape.

Figure 2. Determination of the relative average inflorescence crown diameter (d) of Amaryllis bel-
ladonna; measured from one side of the circumferential edge through the centre of the umbel arrange-
ment to the other side and at a 90◦ horizontal rotation. (photo and diagram: C. Wilmot).
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2.4.2. Determination of Inflorescence Flowering Time Course

Observations made up to five times per week were evaluated to determine different
transition events during the flowering phase. Days to flowering were observed as the
date of appearance of the visible flower buds, the opening of the first floret (anthesis), the
opening of 50% of florets per inflorescence, and complete floral senescence (the wilting of
the last floret on the inflorescence stem) and recorded as the number of days after planting
(DAP) in the greenhouse.

2.4.3. Determination of Leaf Morphological Growth

During the resumptive vegetative leaf phase, morphological data were collected using
the precision measuring devices described above to assess leaf growth and development.
The number of leaves produced by each bulb, leaf length, leaf width, and leaf area were
recorded. The number of leaves was determined manually, and leaf length was determined
as the distance between the base of the longest leaf (where it first emerged from the
bulb) and its apex, while leaf width was measured at the widest point of the leaf. The
Montgomery equation (ME) described by [47,48] was used to calculate leaf area.

Aleaf α Lleaf × Wleaf

where A = area; L = length; W = width; and α = Montgomery parameter.

2.5. Statistical Analysis

Morphological data were calculated and analysed using statistical data analysis soft-
ware (Minitab 17, Minitab LLC, Pennsylvania State University, USA). Data were subjected
to one-way analysis of variance (ANOVA) for the factor bulb storage duration (6 levels)
and presented as means with standard errors (S.E.s). Fisher’s least significant difference
(LSD) was used to further separate the means at a significance level of p ≤ 0.05. Means
with a different letter(s) differed significantly at the 95% confidence level.

3. Results

3.1. Effect of Warm Bulb Storage Period on Inflorescence Morphological Development
3.1.1. Percentage Flowering Yield

This study showed that bulb storage treatments significantly affected the number of
bulbs that flowered in the greenhouse in a storage-dependent manner (p ≤ 0.05). As shown
in Figure 3, between 14.3% and 64.3% of the A. belladonna bulbs produced an emergent
inflorescence and flowered, while the remaining bulbs persisted in a vegetative state. The
practical flowering potential of the bulbs increased dramatically after 12 weeks of storage
and planting in mid-February 2022, with the maximum proportion of emerging flower
buds (64.3%). However, the variance was statistically marginal compared with the control
without storage and immediate planting (50%). The percentage of flowering bulbs declined
within the 4- and 10-week storage range, with the shorter storage durations and subsequent
planting showing the most significant reduction (14.3%).

3.1.2. Inflorescence Stem Length and Stem Diameter

Inflorescence stem length was not affected by the storage duration (p > 0.05); however,
there were significant visual differences (37.0–56.7 cm) between treatments (Figure 1B). In
contrast, the stem diameter responded differently, and the bulb storage had a significantly
positive effect (p ≤ 0.05) on the inflorescence stem thickness (Table 2). Compared to the
no-storage control (8.9 mm), the stem diameter was thicker in all storage-treated bulbs
(9.6–12.7 mm) (Table 2). The bulbs stored for 8 weeks had the longest (56.7 cm) and thickest
(12.7 mm) inflorescence stems.
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Figure 3. The effect of warm bulb storage duration and subsequent planting on flowering percent-
age, as defined by successful potted inflorescence maturation of Amaryllis belladonna bulbs. Bars
represented by mean values followed by a different letter(s) are significantly different at p ≤ 0.05,
according to Fisher’s least significant difference (L.S.D).

Table 2. Effects of warm bulb storage period over 12 weeks on inflorescence characteristics of stem
length, stem diameter, number of florets, floret length, floret diameter, crown diameter, and fullness
ratio of Amaryllis belladonna bulbs under greenhouse conditions.

Bulb
Storage
(Weeks)

Inflorescence Characteristics

Inflorescence
Stem Length
(cm)

Inflorescence
Stem Diameter
(mm)

Number
of Florets (n)

Floret
Length (cm)

Floret
Diameter
(cm)

Inflorescence
Crown
Diameter
(cm)

Inflorescence
Fullness
Ratio

0 (control) 45.1 ± 2.89 b 8.9 ± 0.39 d 9.6 ± 0.90 b 12.0 ± 0.36 a 9.8 ± 0.21 a 22.7 ± 0.64 a 0.4 ± 0.04 b
4 39.2 ± 6.00 b 9.6 ± 0.66 cd 8.0 ± 4.00 b 11.4 ± 0.75 a 9.2 ± 0.55 a 21.6 ± 1.35 a 0.4 ± 0.21 b
6 37.0 ± 6.55 b 10.5 ± 0.09 bcd 12.5 ± 4.50 ab 11.8 ± 0.85 a 9.5 ± 0.70 a 22.4 ± 1.46 a 0.6 ± 0.24 ab
8 56.7 ± 6.08 a 12.7 ± 0.02 a 17.0 ± 5.78 a 11.5 ± 0.10 a 9.6 ± 0.07 a 21.9 ± 0.17 a 0.8 ± 0.03 a
10 43.2 ± 5.72 b 11.7 ± 0.75 ab 16.5 ± 1.50 a 10.8 ± 0.53 a 8.9 ± 0.42 a 21.0 ± 0.87 a 0.8 ± 0.09 a
12 44.0 ± 1.23 b 10.2 ± 0.36 c 10.2 ± 0.97 b 11.6 ± 0.39 a 9.5 ± 0.36 a 22.0 ± 0.72 a 0.5 ± 0.05 b

One-way ANOVA F-statistic

Bulb
storage 2.15 ns 7.16 * 5.31 * 0.74 ns 0.67 ns 0.50 ns 4.51 *

Mean values ± standard error (S.E.) in the same column with a different letter(s) are significantly different at
p ≤ 0.05 (*) based on Fisher’s least significant difference (L.S.D); ns = not significant.

3.1.3. Number of Florets

The analysis showed that the storage treatments had a significant (p < 0.05) effect on
the number of florets produced by each inflorescence, as shown in Table 2. Bulbs stored
for 8 weeks had the most florets (17.0); however, there were no statistically significant
differences between the 6- and 10-week treatments. Although statistically comparable to
the control and 12-week treatments, the lowest number of florets (8.0) was observed in
inflorescences after 4 weeks of storage.

3.1.4. Floret Length and Diameter

The storage period did not significantly affect treatment comparisons of floret length
(p ≤ 0.05). The floret diameter showed a similar tendency. Nevertheless, the control
treatment (12.0 and 9.8 cm) had the highest and the 10-week storage (10.8 and 8.9 cm)
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the lowest values for the floret length and diameter characteristics for all treatments, as
indicated in Table 2.

3.1.5. Inflorescence Crown Diameter

At the 95% confidence level, the storage interval had no discernible effect on the
spherical-ovate crown diameter of the inflorescence arrangement. Table 2 shows that
although there was no statistically significant difference between treatments, the control
(22.7 cm) had the largest crown diameter, about 2 cm wider than the smallest diameter in
the 10-week storage period (21.0 cm).

3.1.6. Inflorescence Fullness Ratio

The visual quality of the inflorescence was assessed by comparing the fullness ratio.
Storage duration strongly influenced this characteristic reception, as shown in Table 2
(p ≤ 0.05). The highest ratios (0.8:1) were observed in inflorescences stored for 8 and
10 weeks; however, the crowns were not significantly fuller than those stored for 6 weeks
(Table 2). In addition, although not statistically different and less compact, a ratio of 0.4:1
was observed in the control and at 4 and 12 weeks of storage.

3.1.7. Inflorescence Longevity

The data presented in Figure 4 show a significant effect of storage treatment (p ≤ 0.05)
and subsequent planting on the potted inflorescence longevity of A. belladonna scapes. Apart
from the shortest storage duration of 4 weeks (10 days), the bulb scapes in the 10-week
storage had the longest flowering interval (17.5 days) but did not differ significantly from
the control or any other treatments (14.6–16.7 days).

Figure 4. The effect of warm bulb storage duration on Amaryllis belladonna bulbs inflorescence potted
longevity. Bars represented by mean values followed by a different letter(s) are significantly different
at p ≤ 0.05, according to Fisher’s least significant difference (L.S.D).

3.2. Effect of Warm Bulb Storage Period on Flowering Time Course of Visible Flower Buds,
Anthesis, Opening of 50% Florets, and Complete Floral Senescence

The results in Figure 5 show a significant difference (p ≤ 0.05) in the occurrence of
visible flower buds in response to storage treatments and subsequent planting. Compared
to the immediately planted control, the bulbs stored for 10 and 12 weeks, and the last to be
planted were the first to show flower buds 9 days after planting. In addition, the flower
buds of the 10-week storage bulbs emerged two weeks earlier than those of the 12-week
storage, although they were statistically similar. Compared to the control, the onset of
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flower bud emergence was delayed by an average of 7 days for shorter storage periods of 4
and 6 weeks.

The timing of the first floret opening (anthesis) occurred between 17.9 and 101.0 days
after storage intervals and subsequent planting in the greenhouse. It was significantly
reduced compared to days after planting in the control bulbs (p ≤ 0.05) (Figure 5). The
first anthesis was observed three days earlier in the 8 and 10-week treatments than in the
control bulbs. In addition, the opening of the first floret was delayed by about 5 days in
the 12-week storage and 10 days in the 4- and 6-week storage compared to the control.
Although the developmental course of anthesis differed by a few days between treatments,
it occurred 7.4–13.0 days after flower bud emergence.

Figure 5. The effect of warm bulb storage duration on the number of days until the emergence
of visible flower buds, anthesis, the opening of 50% florets, and complete floral senescence of the
potted inflorescence of Amaryllis belladonna after planting. Bars represented by mean values followed
by a different letter(s) are significantly different at p ≤ 0.05, according to Fisher’s least significant
difference (L.S.D).

The influence on the opening of 50% florets on an inflorescence showed similar trends
to the effect of the storage treatments on anthesis compared to the control. Figure 5 shows
the flowering event between 22.3 and 104.4 days after storage intervals and subsequent
planting. However, this trend was observed between 2 and 6 days after the first anthesis.
The maximum number of days (6 days) was shorter than the minimum duration (7.4 days)
observed for anthesis in all storage treatments, indicating that this period was shorter
than the interval between the appearance of the visible flower bud and the opening of the
first floret.

Complete floral senescence was observed in all potted inflorescence florets, showing
a turgidity loss followed by complete wilting. The storage interval and subsequent DAP
significantly (p ≤ 0.05) affected this occurrence in the greenhouse and was observed
between 32.8 and 115.6 DAP in all storage treatments (Figure 5). Compared to the control
and the 8- and 10-week treatments, the bulbs in the 4-, 6-, and 12-week treatments were the
last to show flower senescence.

3.3. Effect of Warm Bulb Storage Period on Leaf Morphological Growth
3.3.1. Number of Leaves

As shown in Table 3, there was no significant difference (p > 0.05) in the number of
leaves after the storage treatments and subsequent planting time during the vegetative
growth phase of the bulbs. In contrast to the control and 4- and 10-week treatments, the
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12-week stored bulbs had the most significant number (13.1) and the least variability. In
addition, 11 or more leaf sets were identified in the bulbs under all storage conditions.

Table 3. Effects of warm bulb storage period on leaf characteristics of the number of leaves, leaf
length, width, and area of Amaryllis belladonna.

Bulb
Storage (Weeks)

Leaf Characteristics

Number
of Leaves (n)

Leaf Length (cm)
Leaf Width
(cm)

Leaf Area
(cm2)

0 (control) 11.9 ± 0.43 ab 47.1 ± 2.21 a 3.1 ± 0.12 b 148.6 ± 10.40 b
4 11.9 ± 0.28 ab 49.4 ± 3.02 a 3.4 ± 0.13 ab 170.0 ± 13.30 ab
6 11.7 ± 0.34 b 47.1 ± 2.11 a 3.4 ± 0.12 ab 160.90 ± 12.0 ab
8 11.7 ± 0.66 b 50.6 ± 2.28 a 3.5 ± 0.11 a 178.6 ± 11.20 a
10 12.2 ± 0.43 ab 45.9 ± 2.08 a 3.4 ± 0.06 ab 154.22 ± 7.69 ab
12 13.0 ± 0.42 a 47.1 ± 1.41 a 3.5 ± 0.09 a 165.14 ± 8.17 ab

One-way ANOVA F-statistic

Bulb storage 1.26 ns 0.62 ns 1.59 ns 1.03 ns
Mean values ± standard error (S.E.) in the same column with a different letter(s) are significantly different at
p ≤ 0.05 based on Fisher’s least significant difference (L.S.D); ns = not significant.

3.3.2. Leaf Length, Leaf Width, and Leaf Area

The leaf morphology assessment of bulbs of A. belladonna, as measured by leaf length,
width, and area, was not significantly affected by the number of weeks of extended warm
storage (p > 0.05), as shown in Table 3. Despite similar results in all treatments, leaf
expansion ranged from 45.9 to 50.6 cm. Notably, leaf blade expansion was slightly broader
in all storage treatments than in the control (3.1 cm). Although 8-week storage presented
the highest total leaf area (178.6 cm2), the differences were comparable and less pronounced
in all storage conditions.

4. Discussion

This study found that a warm bulb storage period and the subsequent planting sig-
nificantly impacted flowering precocity, flowering time, and visual characteristics of A.
belladonna scapes in the greenhouse. Irrespective of the storage treatment and subsequent
planting, flower abortion (blindness) was observed, as not all bulbs successfully flowered.
This finding is consistent with the physiological anomaly of inflorescence abortion noted
in the species [12,49] and seen in other bulbous species of Hippeastrum, Iris, Lachenalia,
and Nerine, where an after-storage planting resulted in the cessation of flower develop-
ment [31,50,51]. Aspects of cultivation and climatic conditions may have influenced this
flowering anomaly before and during the bulb harvest in the previous season(s). More-
over, root disturbances may have caused flower abortion, as seen in many Amaryllidaceae
species [46]. According to [35,52], contingent on the cultivation and environmental growth
circumstances, which are not always contemporaneous, the shoot apical meristem (SAM)
may take a different trajectory to reach a physiological stage. Furthermore, these authors
deduce that the timing and form of this transition vary depending on the species. Authors
[44,52,53] reached similar conclusions.

In further elucidating this flowering oddity, the most intriguing finding was that the
collective proportion of the 0 and 12-week storage treatments accounted for 59.3% (more
than half) of the overall maturation performance yield. It can be inferred that in this study,
the longer continuous warm bulb storage conditions for the completion of the rest period
were met, and flower emergence was prompted by a particular cumulative temperature
range and duration for the last stages of floral differentiation before planting [26,37,38].
However, the shorter storage periods and the timing of the subsequent greenhouse tem-
perature fluctuations because of an earlier planting time after storage may have affected
the receptive signalling pathways and transitional apical meristematic activity, resulting in
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noticeable aberrations of stunted spike emergence and inflorescence abortion [26]. Further
insight into these findings suggests that there appeared to be a difference in bulb rest
immediately after leaf senescence and harvesting when bulbs were sensitive to temperature
changes and later when not. According to [31,54], when dormancy is established, species
are at different stages of internal bulb development, and the degree of dormancy at harvest
may be related to how receptive the bulbs are to temperature fluctuations. Similarly, Nerine
sarniensis [38] and Lachenialia species [51] reported findings of varied dormancy degrees,
storage, and association with flowering performance. This responsiveness may explain why
the control (no-storage), with an immediate planting, had a better flowering capacity and
regulation than those subjected to shorter storage treatments and earlier subsequent green-
house temperature differentials because they were only exposed to greenhouse temperature
variations from the onset and not both.

The capacity for a bulb to flower depends on an optimal species-specific temperature
range and duration for growth and reproduction, and deviating from this can cause un-
manageable stress, lowering the floral meristem development rate or abortion, and thus
degrading the inflorescence’s productivity and quality [25,55]. This finding validates the
research that the capacity for a bulb to flower depends on the key storage intervals, and
straying from these threshold parameters increases the risk of inflorescence abortion [50].
According to this study’s findings, the timing, length, and variety of subsequent temper-
ature regimes affected the flowering response, aligning with those of [52,56]. The timing
of floral induction after leaf development is typically governed by vegetative growth
and senescence under the influence of temperature during a phase of limited vegetative
growth [31]. Ref. [49] estimated that the bulbs of A. belladonna initiate a single inflorescence
each year during summer dormancy, about one month before the previously formed inflo-
rescence appears. As a result, morphogenesis during dormancy is incomplete as different
developmental stages of the imminent and subsequent seasons’ inflorescence are initiated.
Temperature fluctuations can adversely or favourably impact both phases, with the results
only presenting in the following seasons [38]. As a result, factors that impact the dormant
period essentially define the competitive character of the commencement of reproductive
activities in the species.

Flowering periodicity, productivity, and market quality do not depend exclusively on
thermal stimuli; additional criteria are necessary to promote anthesis signalling pathways.
These criteria include age, bulb size, and weight, all affecting the flowering capability, with
critical parameters differing between taxa, species, and cultivars [23,31,36]. The dynamic
metabolic processes associated with shoot apical meristematic transition activity during
bulb dormancy necessitate energy, water transfer and delivery. These resources can only
be derived from subsurface organ sources, and temperature influences their mobilisation
and distribution [57,58]. Therefore, as a perennial hysteranthous taxon, A. belladonna relies
heavily on the vegetative growth seasons where the emergence of flowers and leaves
are succinctly divided to accumulate and maintain adequate carbohydrate reserves in
larger underground storage organs for flowering and fruiting [59,60]. Although this study
utilised bulbs with a circumference of 30-33 cm, which did not attain 100% flowering, the
minimum flower-size bulb for A. belladonna is approximately 26 cm in circumference [12,49].
This disparity is reinforced by the fact that, although having a sufficient bulb size, the
accumulation, supply, and distribution of resources under the influence of temperature
are numerous and may dictate the rate at which growth, development, dormancy, and
flowering occur [26,61].

A significant finding from this study was the considerable variation in the number
of scape florets after warm bulb storage and planting; however, it had little effect on the
morphology since the floret diameter and length were unaffected. These findings contradict
that of [51], who found that delayed planting altered the diameter of solitary florets, not the
length. In another study, a later planting date in the same species of Lachenalia enhanced
the number of florets per inflorescence [62]. The quantity of flowers on an ornamental
plant greatly reflects its aesthetic value and impacts its qualitative characteristics, according
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to [63]. Other key factors influencing decorative quality include crown diameter [64]
and fullness ratio [65]. Given the disparities in floret numbers, they were likely already
formed in the bulb before storage treatments, and the discrepancies may be due to several
other factors, such as the genetic disposition of floriferous clones [66] and carbohydrate
assimilation [56,61].

Interestingly, despite the variation in floret numbers across treatments, none of the
bulbs showed evidence of floret bud atrophy. Observations from this study suggest that the
differentiation of inflorescence emergence is more susceptible to exogenous temperature
changes than the differentiation of florets opening after planting. Further results from this
study found that flowering scapes of A. belladonna may retain their aesthetic appeal for
at least 10 days, if not longer. A. belladonna floret’s lifespan is about 2.5 days, opening in
coordinated succession for an overall display in the vase [18]. The authors added that this
is comparable to the longevity of florets attached to the bulbs, making them attractive to
growers, sellers, and buyers as specimens for cut flowers and potted plants. The study also
found that the inflorescence scape diameter was thicker in storage treatments compared
to the control but minimal compared to commercial quality standards. Furthermore, the
minimum stem length was 37 cm, although insignificant, making it a suitable and positive
attribute for the cut flower market.

Except for the 10-week treatment, this study found that staggered bulb planting by
extended storage treatments did not significantly accelerate the flowering morphogenesis of
A. belladonna. Instead, they dramatically reduced the period following planting in a storage-
dependent manner. This can be ascribed to the fact that the immediately planted bulbs of the
control required 93 days (almost ten times as long) to reach this developmental stage, even
though flower buds emerged simultaneously (calendar date) with the later greenhouse
plantings in the 8- and 12-week treatments. As a result, compared to the immediately
planted control, the 12-week-treated bulbs required at least one month to complete the
flowering cycle after planting. In contrast, the immediately planted control took nearly
four times as long (115.6 days) to achieve this last seasonal greenhouse development stage.
This finding may be explained by the fact that long-term bulb storage reduced the time
of floral events after planting due to the advanced internal morphogenesis of elongation
and the altered carbohydrate content of the inflorescence during storage [57,58]. Similar
results were obtained in Lachenalia species [62], Nerine sarniensis [38], and Ornithogalum
dubium [67].

Conversely, shorter storage intervals and subsequent planting would have postponed
or halted the final stages of flower development, resulting in delayed inflorescence bud
emergence. In addition, the proportion of flowering bulbs would have been much lower if
inflorescence abortion and lodging had occurred due to arrested development. Interestingly,
both results were observed in this study; however, this shorter timeframe contradicts
the findings that a 6-week storage period resulted in a quicker sprouting of Asiatic lily
cv. “Royal Trinity” [68] and accelerated growth and flowering of Ornithogalum thyrsoides
hybrids [24]. In this study, the total duration of the flowering cycle, from the appearance
of visible buds to the complete senescence of florets, was about 7.5 weeks, consistent with
numerous authors’ conclusions about the species short flowering season [3,46].

The hysteranthous leaf emergence occurred after flowering and correlated with the
onset and decline in temperature as the autumnal season approached. However, the
precise physiological processes that initiate the onset are unclear. This study found that
warm bulb storage did not affect the foliage quality parameters of the leaf number, length,
width, and area. It is proposed that the leaf set had already been established before the
bulb harvest and would not have changed significantly during the vegetative growth
phase. However, [31] explains that the rate of expansion and production may have been
impacted. Visual observations of emerging leaves initially made in the control and shorter
storage treatments of 4 and 6 weeks support this finding. In addition, leaf emergence
was slightly delayed in bulbs that flowered during the seasonal study period compared
with those that remained vegetative in all treatments. According to [69,70], this delay is
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caused by mobilising compounds and ions from wilting tepals to other organs through the
degradation of macromolecules when flowers perish.

This study unveils that the innocuous observation and proclivity of the emerging
Amaryllis belladonna flower bud, seemingly appearing out of nowhere and rapidly extending
to create a prescient curiosity of the imminent and lasting floral display and a conscious
awareness of the seasonal shift that heralds the end of summer cannot be undervalued.
This study highlights that focusing on market-driven initiatives, as opposed to the product-
based strategies of the past, is the solution to SCF’s success [4,6,71]. Focusing on the
attractive qualities of unique native flora and underutilised species like A. belladonna, the
potential of the SCF may be invigorated and conserved [4,10]. Along with [4,16], this study
demonstrates the high potential of A. belladonna as a cut flower and potted plant, promoting
its candidacy for local and international SCF markets as a seasonal and sustainable niche
product, emblematic of South Africa’s unique floral heritage.

5. Conclusions

This study found that warm bulb storage after lifting significantly affected the flower-
ing production, flowering time, and flower quality attributes of A. belladonna but not the
foliage growth. Aside from favouring a higher flowering capacity and shorter intervals
under greenhouse cultivation after planting, extended warm bulb storage did not typi-
cally advance the flowering time. The control and shorter storage periods exhibited an
unsustainable and uneven pattern. The findings of this study advocate that a cumulative
temperature range during bulb dormancy is crucial for supporting inflorescence maturity’s
energy demands and floret buds’ opening. If not adequately maintained during bulb
storage and cultivation, A. belladonna’s flowering ability is compromised. Ideally, bulbs
should be stored at an elevated temperature for 8–10 weeks after the harvest to achieve the
highest floret-quality attributes and longevity. However, for optimal anthesis in the shortest
interval, sustainable and economical greenhouse, and specialty cut flower production,
12-week warm bulb storage is recommended for this seasonal single-harvest species. Addi-
tionally, we recommend investigating a broader range of storage temperatures, durations,
and initial lifting dates during dormancy to identify patterns and develop a more precise
protocol for improving flowering competency and quality attributes, potentially extending
the season.
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Abstract: Wild orchids, especially the terrestrial temperate ones are endangered species due to chal-
lenges in their natural habitats. Therefore, there is an urgent need to introduce efficient propagation
methods to overcome the natural reproduction problems of these orchids. In this study, the effects
of different light spectrums, explant types, wounding, and combinations of different plant growth
regulators (PGRs) on direct somatic embryogenesis (DSE) of two species of these endangered orchids
listed in the conservation category, were studied. The highest percentages of DSE formation and
embryo germination were observed in Dactylorhiza umberosa protocorm explants exposed to white
light (400–730 nm) and in Epipactis veratifolia protocorm explants exposed to a combination of red and
far-red spectra (R: FR = 70:30). This occurred while red (610–700) alone and in combination with far-
red (710–730 nm) spectrum induced embryogenesis more than the blue spectrum and dark condition
in E. veratifolia. Thidiazuron (TDZ, 3 mg L−1), produced the highest percentage of protocorm-like
bodies (PLBs) on protocorm explants in both orchids. Kinetin (Kin, 2 mg L−1) and Benzyladenine
(BA 3 mg L−1) had the most effect on the survival and growth of PLBs, respectively, in D. umberosa
and E. veratifolia. Species did not show similar embryogenesis responses under light spectrums.
In a medium containing 3 mg L−1 TDZ, white light and R-FR spectra produced the most PLBs
on wounded protocorm explants of D. umberosa and E. veratifolia respectively. The developmental
stage of apical meristem of PLBs in both species was more advanced under R-B spectra, compared
to others.

Keywords: Epipactis veratifolia; Dactylorhiza umberosa; direct somatic embryogenesis; plant growth
regulator; protocorm-like body; wounding

1. Introduction

Orchids are high-price ornamental crops that have attracted the attention of their pro-
duction as pot plants and cut flowers [1]. Of the wild orchids, native orchids such as saleps
have traditionally been harvested from their natural habitats for their use in the medicinal
and food industries. The tubers of some terrestrial orchids like Orchis mascula, Dactylorhiza
umberosa, and some other species are called salep [2]. Salep also refers to the powder of
dried tubers that are used in the production of ice cream, drinks, medicines, confectionery,
and hot drinks [3]. The scarcity of resources for salep has led to the uncontrolled harvest-
ing of these plants from their natural habitats [4], making them an endangered species.
Epipactis veratrifolia is one of the wild orchids used in traditional medicine and has a high
potential for breeding as an ornamental plant [5]. Low seed germination, slow vegetative
growth, and lack of proper coexistence have sometimes made their propagation by con-
ventional methods impossible [6,7]. To achieve successful regeneration, in vitro techniques
are now efficiently practiced and used for sexual and non-sexual propagation of orchids,
especially for endangered orchid species [8,9]. There are various methods for mass in vitro
culture of orchids such as culture of seeds [10], shoot tip and axillary bud culture [11],
and using protocorm-like bodies (PLBs) [12], and flower buds [13]. Direct and indirect
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somatic embryogenesis (DSE), (ISE) and protocols have been offered for the induction
of protocorm-like bodies (PLBs) in orchids [5–7]. These micropropagation methods have
been used for somatic embryogenesis (SE) in many orchids such as Cymbidium [14], Oncid-
ium [15], Phalaenopsis [1], and Xenikophyton smeeanum [16], however, there is not a wealth
of information for in vitro micropropagation of temperate terrestrial orchids [17]. Explant
type, genotype, medium composition, plant growth regulators (PGRs), and light regime can
be mentioned as factors influencing somatic embryogenesis (SE) in Oncidium orchids [18].
Light is a determinant factor for the tissue culture of plants. Different light spectra have
been used to study their effects on plant growth and organogenesis [19–21]. Light-emitting
diodes (LEDs) have emerged as a new light source for in vitro culture. Different kinds
of artificial light can play a key role in successful in vitro plant production, besides other
factors such as gas exchange in the culture vessel, temperature, and composition of the
culture medium [22]. The effects of the light spectrum have been investigated on the in vitro
growth of many plant species such as Lilium ‘Pesaro’ [23], Dianthus caryophyllus [24], and
Zantedeschia jucunda [25]. The emission of light in LED lighting systems allows the selection
of spectra quality and provides the opportunity for the regulation of photosynthetic and
photomorphogenic reactions required for an in vitro culture of plants [26]. Significant
improvements have been achieved in increasing the fresh and dry weight of shoots and
proliferation rate by changing the photoperiod regime from 16 h to a 4 h photoperiod,
thereby allowing explants to do a better exchange of CO2 [27,28]. Furthermore, the light
has been introduced as one of the important inducers for the generation of SE [29]. Effects
of various spectra of LED lights have been reported in some orchids such as Oncidium [18],
Phalaenopsis [30], and Cymbidium [31], as well as other plant species such as China Rose [32],
and Agave tequilana [33]. The induction of SE and callus was obtained under different light
conditions in different plant species. For instance, red, red + far-red lights in Phalaenop-
sis, red light in Cymbidium, red and white light in Agave tequilana, and red light in Rosa
chinensis [30–33]. PGRs are among the most important factors that influence SE. Auxins
and cytokinins can be mentioned specifically as the most used ones [34]. Applying PGRs
can effectively improve DSE or ISE [24]. Positive effects of PGRs on embryogenesis have
also been reported in plant species such as Phalaenopsis amabilis [34], Anthurium [35], Lilium
ledebourii [36], and Cyclamen [37]. It was reported that wounding of the explants can lead
to faster SE induction in soybeans [38], while there is little information on the effects of
wounding on embryogenesis in plants such as orchids [39]. Most studies have been limited
to tropical orchids, and only a few studies have been conducted on SE and regeneration
in temperate terrestrial orchids. To the best of our knowledge, there are no studies on the
effects of light spectra and wounding on somatic embryogenesis and regeneration in terres-
trial orchids. In the present study, we have successfully established an in vitro propagation
protocol for D. umberosa and E. veratifolia by proliferation through PLBs to facilitate the
conservation, cultivation, and introduction of these plants into future flower markets.

2. Materials and Methods

2.1. Plant Materials and Explant Preparation

In this study, two native Iranian orchids were utilized; namely the rhizomatous species,
E. veratrifolia and the tuberous species D. umberosa. Capsules containing mature brown
seeds of these plants were collected from their natural habitats in the Alborz Mountains.
Capsules were sterilized for 20 min in 20% sodium hypochlorite (NaOCl), followed by
3 rinses with sterilized distilled water; then about 100 tiny, dusty seeds (There are more
than a thousand seeds in each capsule) were cultured on modified FAST (MFAST) as a
basal medium in each Petri dish [40]. Four types of explants were used. Protocorm was the
first kind of explant. At the end of the germination process of orchid seeds, embryos form
small spherical tuber-like bodies referred to as protocorms and were used in two forms:
wounded and non-wounded in both species (Figure 1f). After seedling growth, three other
types of explants were prepared, which included leaf segment (in both species Figure 1d),
single node (in E. veratrifolia-Figure 1e), and crown of the plantlet (in D. umberosa). The
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explants were cultured on a basal medium, containing different concentrations of PGRs
(including TDZ, NAA, BA, and Kin) according to Table 1.

Figure 1. The seed germination stage of Epipactis veratifolia; kinds of explants and seedlings
(a) cultivated seeds, (b) swelling of the embryos (arrow) in the first stage of germination, (c) rupture
of seed testa by swelled embryos, (d) leaf explant (basal part of leaf), (e) stem node explant, (f) intact
and wounded protocorm explants; the end part without shoot apical meristem (arrow) used as
explants, (g) in vitro rooted seedlings; their leaf and stem nodes (N) used as explants, (h) a protocorm
resulting from the development of a Dactylorhiza umberosa seed embryo at the stage of converting
apical meristem (AP) to leaf primotdia (LP), with many hairy rhizoids (R) at the bottom end.

Table 1. Effects of PGRs and explant types on the mean formation of somatic embryos (PLBs) and
their germination rate, in Epipactis veratifolia and Dactylorhiza umberosa. (×) in column Shows the
kinds of explant. Within each column, different letters indicate significant differences at p < 0.05 using
ANOVA and Duncan’s multiple range tests.

Plant
Concentration of PGRs (mg/L) Explant Type PLBs

Formation (%)
PLBs

Growth (%)TDZ NAA BA Kin Protocorm Leaf Node Crown

tiEpipactis
verafolia

0 0 0 0 × - - - 0 0
3 0 0 0 × - - - 100 a 100 a

0 0 1 0 - × - - 0 0
0 0 1 0 - - × - 0 0
0 0 2 0 - × - - 0 0
0 0 2 0 - - × - 0 0
0 0 3 0 - × - - 0 0
0 0 3 0 - - × - 0 0
0 0.5 0 0 - × - - 0 0
0 0.5 0 0 - - × - 25 b 25 d

0 0.5 1 0 - × - - 0 0
0 0.5 1 0 - - × - 25 b 75 b

0 0.5 2 0 - × - - 0 0
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Table 1. Cont.

Plant
Concentration of PGRs (mg/L) Explant Type PLBs

Formation (%)
PLBs

Growth (%)
TDZ NAA BA Kin Protocorm Leaf Node Crown

0 0.5 2 0 - - × - 0 0
0 0.5 3 0 - × - - 0 0
0 0.5 3 0 - - × - 0 0
0 1 0 0 - × - - 0 0
0 1 0 0 - - × - 38 a 20 d

0 1 1 0 - × - - 0 0
0 1 1 0 - - × - 25 b 50 c

0 1 2 0 - × - - 0 0
0 1 2 0 - - × - 18 c 75 b

0 1 3 0 - × - - 0 0
0 1 3 0 - - × - 0 0
0 0 1 0 - × - - 0 0
0 0 1 0 - - × - 0 0
0 0 2 0 - × - - 0 0
0 0 2 0 - - × - 25 b 50 c

0 0 3 0 - × - - 0 0
0 0 3 0 - - × - 13 c 100 a

Dactylorhiza
umberosa

0 0 0 0 × - - - 0 0

3 0 0 0 × - - - 100 a 90 b

0 0 0 1 × - - - 0 0

0 0 0 1.5 × - - - 25 c 75 b

0 0 0 2 × - - - 50 b 100 a

2 0 2 0 - - - × 0 0

1 0.5 0 0 - - - × 0 0

0 0.5 2 0 - - - × 0 0

2.2. Media and Culture Conditions

Cultivated seeds (Figure 1) were grown using a hormone-free modified FAST medium
(MFAST) as the basal medium containing both macro and micro elements (Merck, Hesse-
Darmstadt, Germany). The medium was supplemented with myo-inositol 100 mg L−1,
nicotinic acid 0.5 mg L−1, pyridoxine HCl 0.5 mg L−1, thiamine HCl 0.1 mg L−1, glycine
2 mg L−1, sucrose 3 g L−1, peptone 2% and agar 4.8 g L−1. [40]. The pH was adjusted to
5.5 ± 0.1 and the solution was autoclaved at 121 ◦C for 20 min. The same medium was
used for continuing growth of explants for a period of 6 to 8 weeks. To study the effects of
four kinds of growth regulators (PGRs), including thidiazuron (Sigma Aldrich, UAS) (TDZ
0, 2 and 3 mg L−1), N6-benzyleadenine (BA 0, 1, 2 and 3 mg L−1), ∞-naphthaleneacetic
acid (NAA 0, 0.5 and 1 mg L−1), kinetin (KIN 0, 1, 2 and 3 mg L−1) and four kinds of
explants (including five explants of each type of crown, node, leaf segment, and protocorm)
were cultured in separate Petri dishes (five micro-samples in each of three replicates) and
placed in a growth room under white LED lights (Figure 1). Then the interaction between
TDZ (0 and 3 mg L−1), wounding, and light spectra was investigated on SE of protocorm
explants (wounded or un-wounded) in both species. The light treatments including white
light (W, as the control range at 400–700 nm), blue (B) range at 460 nm, red (R) range
at 660 nm, green (G) range at 530 nm, combination of red and blue (R:B = 70:30), also a
combination of red and far-red (R:FR = 70:30) were provided using LED lamps at light
intensity of 80 μmol m−2 s−1 as well as darkness condition, as the control. The cultures
were placed in a growth room with a temperature of 22 ± 2 ◦C, a light period of 16 h and, a
relative humidity of 70%. Wavelengths were measured using a Sekonic C7000 spectrometer
(Sekonic Corp., Tokyo, Japan) within the range of 300–800 nm. After four weeks, induction
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of DSE (globular type) was evaluated using a microscope. Following SE induction, the
cultures were transferred to the hormone-free MFAST medium and placed under the light
with the same environmental conditions as previously described.

2.3. Germination and Acclimatization

Embryos produced via DSE were counted as germinated (Table 1) and transferred
to a hormone-free basal medium for plant growth under the environmental conditions
described above. For acclimatization, the plantlets (developed from DSE) were transferred
to plastic pots filled with a sterile coco-peat: perlite mixture (3:1), and placed in an adapted
chamber at a temperature of 28 ± 2 ◦C.

2.4. Statistical Analysis

Experiments were arranged as factorial in a completely randomized design. The data
were subjected to analysis of variance (ANOVA) and means were compared using Duncan’s
multiple range tests at p < 0.05 probability level using the SAS 9.3 software.

3. Results

3.1. Effects of PGRs, Explant Type, and Wounding on DSE

Embryo formation was observed three weeks after placing the explants in the growth
medium. The results of the statistical analysis showed a significant difference between the
interaction of treatments (growth regulators, the type of explant, and the light spectrum).
The percentage of DSE formation, PLBs germination, and final plantlets formation, espe-
cially on protocorm explants, in both species, had significant differences (p < 0.05) under
various light spectra (Figures 2–8). The type of PGR caused a significant effect on embryo
formation in both species (Table 1, Figure 4). Between the PGR treatments, E. veratifolia
showed the highest embryogenesis frequency (100%) when grown on a medium supple-
mented with 3 mg L−1 TDZ, using protocorms and followed by 1 mg L−1 NAA (38%) in
node explants (Table 1). The medium supplemented with 3 mg L−1 BA had the lowest SE
rate at 13%. Table 1 shows an increase in DSE production with increasing NAA concen-
tration (from 0 to 1 mg L−1) in combination with BA. NAA treatment (0.5 mg L−1) alone
and in combination with 1 mg L−1 BA, caused 25% PLB formation on the node explants
in Epipactis veratifolia, but in combination with BA, the survival of these somatic embryos
(PLBs growth %) was 50% more (Table 1). The positive effect of BA on the survival of
somatic embryos is also observed in combination with 1 mg L−1 of NAA (Table 1).

Different concentrations of the BA alone or in combination with NAA did not affect the
leaf explants of Epipactis veratifolia (Table 1). Three weeks after placing the explants in the
growth medium, somatic embryos formed on protocorm explants of D. umberosa, under all
light spectra. Embryo formation and germination rate, percentage of DSE, embryo germina-
tion, and plantlet production were significantly (p < 0.05) influenced by the type of explant,
the combination of PGRs, light spectrums, and wounding (Table 1, Figures 4–6 and 8). The
kind of PGRs utilized had a considerable effect on the DSE percentage (Table 1). Only
protocorm explants that developed globular embryos displayed somatic embryo initiation
in D. umberosa (Table 1). The DSE was induced on the protocorm explants after three to four
weeks. The maximum rate (100%) of embryo formation (DSE) was observed in a medium
containing 3 mg L−1 TDZ (Table 1). In contrast, no embryos were observed on crown
explants of D. umberosa in all PGR treatments. Kin in 1.5 and 2 mg L−1 concentrations,
also caused 25% and 50% direct embryogenesis in protocorm explants of D. umberosa,
respectively. All concentrations of PGRs (TDZ, BA, and NAA) did not affect the crown
explant. SE was observed on both protocorm (100%) and stem node (38%) explants of E.
veratifolia (Table 1). R-FR spectra caused most DSE on non-wounded protocorm explants of
E. veratifolia (Figures 2 and 5a). In D. umberosa only one form of the explant (protocorm)
produced a number of somatic embryos (Figure 3) with a high frequency of embryo ger-
mination (Table 1). Therefore, the protocorm explant was selected to proceed with the
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experiment. The most somatic embryo of D. umberosa was obtained under white light and
wounding, which had a positive effect on the DSE of this species (Figure 5b).

Figure 2. PLBs formation of Epipactis veratifolia after direct somatic embryogenesis under different
light spectra; on protocorm explants ((a–g). in medium contain 3 mg L−1 TDZ) and node explant
((h), in medium contain 0.5 mg L−1 NAA); (a) Cluster of PLBs at different developmental stages,
including rudimentary PLBs (RP), PLBs with shoot apical meristem (SM), PLBs with first leaf pri-
mordia (LP) and PLBs with first leaf (FL) under blue spectrum. Each red circle represents a PLB
which its stage or morphology is explained by arrow, (b) PLBs with huge diameter under green
spectrum, (c) large PLBs with two leaf primordia (2LP) under red + blue spectra, (d) deformed PLBs
with branched first leaf primordia under red spectrum, (e) many tiny PLBs with one leaf primor-
dia without chlorophyll under red + far spectra, (f) PLBs with three leaf primordia (3LP) without
chlorophyll under dark conditions, (g) many PLBs with three leaf primordia (3LP) under white light,
(h) direct somatic embryo (one PLB) formation on node explant under dark condition by using 0.5
mg L−1 NAA, (i) growth of somatic plantlet on hormone-free medium.
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Figure 3. Direct somatic embryogenesis (formation of PLBs) on protocorm explants of Dactylorhiza
umberosa under different light conditions including; (a) Cluster of PLBs at different stages of devel-
opment stages with many rhizoids (R) under blue spectrum (in media containing 1.5 mg L−1 Kin),
(b) under white light (in media containing 2 mg L−1 Kin), (c) red + far-red spectra (in media contain-
ing 3 mg L−1 TDZ), (d) dark condition (in media containing 1.5 mg L−1 Kin), (e) red + blue spectra
(in media containing 3 mg L−1 TDZ), (f) green spectra (in media containing 3 mg L−1 TDZ), (g) red
spectra (in media contain 3 mg L−1 TDZ), (h) germination of somatic embryos (PLBs), (i) growth of
somatic plantlets.

 

Figure 4. Interaction effects of TDZ concentrations (0 and 3 mg L−1) and different light spectra on
DSE of protocorm explants of Epipactis Veratifolia (a) and Dactylorhiza umberosa (b). The horizontal
axis shows the light treatment (W = white, G = green, R = red, R-B = red + blue, RFR = red + far-red,
and D = dark). The columns show somatic embryogenesis (the mean number of embryos (PLBs)
per treatment). Values are the mean of three replicates and bars represent the standard errors. Data
were recorded two months after embryo formation. Different letters indicate significant differences at
p < 0.05 using Duncan’s multiple range test.

123



Horticulturae 2023, 9, 1007

Figure 5. Interaction between different light spectra and wounding on embryogenesis (PLBs forma-
tion on protocorm explants) in Epipactis veratifolia (a) and Dactylorhiza umberosa (b) on media
containing 3 mg L−1 TDZ. The horizontal axis shows the light treatment (W = white, G = green,
R = red, R-B = red + blue, RFR = red + far-red, and D = dark). The vertical columns show the
means of somatic embryogenesis with wounding/unwounding explants. Values are the means of
three replicates and bars represent the standard errors. Data were recorded two months after the
formation of embryos Different letters indicate significant differences at p < 0.05 using Duncan’s
multiple range test.

Figure 6. Influence of different light spectra on the induction of somatic embryos% on protocorm
wounded explants from Epipactis veratifolia (a) and Dactylorhiza umberosa (b) in media containing
TDZ. The horizontal axis shows the light treatment (W = white, G = green, R = red, R-B = red + blue,
RFR = red + far-red, and D = dark). The vertical columns show the means of somatic embryogenesis
under the wounding/unwounding and PGR-free/TDZ conditions. Values are the means of three
replicates and bars represent the standard errors. Different letters indicate significant differences at
p < 0.05 using Duncan’s multiple range test.
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Figure 7. Interaction of different light spectra, TDZ application, and wounding on the induction
of somatic embryos (PLBs) in Epipactis Veratifolia. The horizontal axis shows the light treatment
(W = white, G = green, R = red, R-B = red + blue, RFR = red + far-red, and D = dark). The vertical
columns show the means of somatic embryogenesis under the wounding/unwounding and PGR-
free/TDZ conditions. Values are the means of three replicates and bars represent the standard errors.
Different letters indicate significant differences at p < 0.05 using Duncan’s multiple range test.

Figure 8. Interaction of different light spectra, TDZ application, and wounding on the induction of
somatic embryos (PLBs) in Dactylorhiza umberosa. The horizontal axis shows the light treatment
(W = white, G = green, R = red, R-B = red + blue, RFR = red + far-red, and D = dark). The vertical
columns show the means of somatic embryogenesis under the wounding/unwounding and PGR-
free/TDZ conditions. Values are the means of three replicates and bars represent the standard errors.
Different letters indicate significant differences at p < 0.05 using Duncan’s multiple range test.
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3.2. Induction of SE under Different Light Spectra

Different light spectrums had a notable impact on DSE in both orchid types. Red light
led to a higher percentage (100%) of DSE and a number of PLBs (25 PLB) in E. veratifolia
were observed under red light (Figure 4). The percentages of DSE were also affected by
the light spectrums (p < 0.05). The greatest DSE percentages were observed under R: FR
(100%), R (95%), RB (70%), and G (67%) spectra, with the lowest DSE seen under B (30%),
W (45%), and darkness (61%), respectively (Figure 6a). FR (100%), R (95%), RB (70%), and
G (67%) spectra, with the lowest DSE seen under B (30%), W (45%), and darkness (61%),
respectively (Figure 6a). In D. umberosa, W light induced the highest DSE (100%), followed
by B (55%), R: FR (41.7%), RB (35%), G (30%), R (25.8%), and D (14.2%) (Figure 6b). The
size of SEs was significantly larger when explants of E. veratifolia were exposed to B, R-B,
and G spectra. Both white light and RB spectra led to greater development of PLBs with
three-leaf primordia (Figure 2). Bigger PLBs of D. umberosa were observed under the G
spectrum and dark conditions. RB spectra resulted in the development of more PLBs with
three-leaf primordia in this species (Figure 3). Explants of E. veratifolia turned brown and
subsequently exhibited necrosis when exposed to RB, W, and R lights. As a result, the
survival rate of plantlets decreased (Figure 9). Furthermore, the light spectrum had an
effect on embryo germination in both orchids. The embryos generated under R-Fr and W
lights resulted in the highest percentage of embryo germination and plantlet development
in E. veratifolia (100%) and D. umberosa (100%), respectively (not shown).

 

Figure 9. Growth and survival of PLBs after direct somatic embryogenesis in Epipactis veratifolia.
(a) Production of the cluster with a number of large PLBs which became brown and necrotic under
a blue and white LED light spectra. (b) Red + blue and green light spectra produced the cluster
with a few numbers of PLBs that also turned brown and necrotic. (c) Red light produced the highest
embryogenesis and PLBs proliferation rate. (d) Significantly larger PLBs with a higher developmental
stage were observed in the cluster when explants were exposed to blue and red-blue light. In most
of the PLBs, the first leaflet (FL) and in some others the second leaflet (SL) were visible under these
spectra (arrow).

4. Discussion

The effect of different light spectra on the direct embryogenesis of temperate terrestrial
native orchids and their combination with plant growth regulators, explant type, and
wounding has not been previously investigated. Some researchers have studied the em-
bryogenesis of native orchids, for example, an in vitro somatic embryogenesis method and
regeneration for Anoectochilus elatus Lindley, an endangered orchid, by studying some PGRs
and vitamins [7]. Similar methods have been developed for some of the other endemic
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terrestrial orchids such as Anoectochilus elatus and Caladenia latifolia [41]. A number of
studies conducted in this field on orchids have used different types of explants for DSE; for
example, stem nodes [5,6,42], protocorm [41–43], apical buds, crowns, and leaves [5]. In the
current study, we focused on introducing an efficient method for DSE in D. umberosa and E.
veratifolia using a novel combination of light spectra, PGRs, and wounding. Leaf explants
of E. veratifolia did not produce any SE when placed in different media with different
PGRs, but protocorm and nodal explants efficiently induced SE (Table 1 and Figure 2a–h).
Wounding had effects on the genes encoding the induction of cell-wall proteins [44]. In the
current research, we found that in D. umberosa, wounded protocorm explants efficiently
induced DSE compared to non-wounded ones especially under white light and G spec-
trum (Figure 5b). This phenomenon is observed in E. veratifolia under all light conditions
(Figure 5a). This finding is consistent with previous findings in soybean [38] and in tomato
shoot regeneration by wounding of cotyledonary explants [45]. The results suggest that
intact explants are more efficient for embryo formation in D. umberosa under B, R, RB, RFR
spectra, and dark conditions (Figure 5b). It has been previously reported that the wounding
of explants causes browning, which increases the phenolic compounds and eventually
leads to the death of explants [46]. It can be said that wounding is an effective treatment to
induce embryogenesis and the light spectrum may affect its efficiency.

PGRs are known to stimulate cell division and play an important role in the induction
of SE [47]. The majority of previous studies have required auxins to induce SE in various
plant species, while some reports have shown that cytokinins promote the formation of em-
bryogenic cells with a role similar to that of auxins [48,49], for example, in orchids [5,15,50].
We used three concentrations of Kin (1, 1.5, and 2 mg L−1), which had not previously been
used for DSE in terrestrial orchids. Two concentrations of Kin (1.5 and 2 mg L−1) resulted
in positive effects on the DSE of D. umberosa (Table 1 and Figure 3). In other studies, the
growth regulator kinetin has been used to induce protocorm formation in Dactylorhiza
majalis [51,52]. The effect of these kinds of PGRs on embryogenesis has been reported on
black iris [53], Phalaenopsis [54], and Rhynchostylis retusa [55]. Effective PGR treatments
were 3 mg L−1 TDZ on protocorm and 1 mg L−1 NAA in nodal explant of E. veratifolia
and 3 mg L−1 TDZ and 2 mg L−1 Kin on protocorm explant of D. umberosa (Table 1). The
high concentrations of Kin and NAA (3 and 1 mg L−1, respectively) had no positive effect
on SE. It was reported that the exogenous addition of a high concentration of BA and Kin
significantly inhibited SE formation in orchard grass [56]. Our results showed that TDZ
had the highest efficiency for DSE than BA and NAA in E. veratifolia. This was consistent
with the previous results in Dendrobium [50,57] and Cymbidium [33]. In general, we found
that the application of TDZ and NAA on wounded explant was more effective for DSE
in E. veratifolia and TDZ, Kin on wounded explant induced DSE in D. umberosa. There are
only a few reports that mention the role of light spectra on SE induction in native orchid
species. In the present experiment, the highest percentage of DSE and embryo germination
rate in E. veratifolia was observed in protocorm explants exposed to R-Fr (100%) and then
R (95%) spectra (Figure 6), while B spectra, W light, and D condition had less effect on
embryo formation on explants (Figure 6a). This finding is in agreement with the results
of previous studies on the initiation and development of SE by R and R-Fr spectra in
Araujia sericifera [29], Oncidium [18], and Rosa chinensis [34]. In E. veratifolia, R and R-Fr
spectra produced the highest rate of embryogenesis and proliferation of embryos (PLBs);
although, the highest percentage of embryo proliferation was obtained under R-Fr light
(Figures 5a and 7). The positive effects of the red light spectrum have been reported on
the formation of 100% protocorms in orchids [58]. Consistently, R light has been reported
to promote the induction and proliferation of SE in Oncidium [18]. Red light has been
shown to affect plant reproduction through phytochrome, which in its active form increases
the endogenous hormonal balance, increasing the amount of cytokinin in the tissues and
counteracting the action of auxin [59]. In our study, in addition to R and R-Fr, G, R-B, B,
W light and D conditions were used on explants to induce embryogenesis in E. veratifolia,
but most of the explants produced a small number of embryos that also turned brown and
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necrotic under these conditions during three to four weeks (Figure 9a,b). This shows that
G, R-B, B spectra, W light, and D conditions delayed the germination of SE in E. veratifolia.
In the current study, the maturation of embryos as well as the germination of embryos
was significantly different in different light treatments. In some of the previous studies,
it has been reported that callus formation was high in the blue spectrum, which proves
that rapid cell division occurred, although the organized center of cell division required for
primordia formation was reduced and growth was delayed [60]. Interestingly, we found
that G light increased the formation and germination of SE in protocorm explants of E.
veratifolia (Figures 4a and 6a). The effect of the G spectrum was significant on the percentage
of explants that had embryogenesis and on the number of embryos (Figures 5a and 6a). A
study on carrot embryogenesis showed that G light caused the highest SE compared to the
other light spectra [61]. The highest PLBs formation, root formation, and shoot formation
rate in Cymbidium insigne was reported under the G spectrum [62]. The G light may have
active photoreceptors [63], but unlike red and blue light, green light photoreceptors have
not been discovered yet [64]. Embryos germinated when sub-cultured in the hormone-free
medium. In both orchids, the somatic embryos had advanced developmental stages under
the B and R-B spectrum, which rapidly increased the size of the embryos (Figure 9d). This
result shows the positive effects of the B spectrum on the development of PLBs and it is in
agreement with the previous report on the promotive effects of the B spectrum on embryo
size in carnation [24].

The results of this study show that the highest percentage of DSE (100%) was observed
in the explants exposed to W light, while the dark condition had the lowest effect on
embryo induction rate in D. umberosa (Figure 6b). Researchers have also reported that SE
induction and promotion are reduced in darkness in olive [65], soybean [66], and Coffea
Arabica [67]. The highest percentage of embryogenesis in D. umberosa was produced under
the W light and B spectrum (Figure 6b). The B spectrum had an efficient effect on DSE
and ISE in carnation [24]. The highest number of the torpedo, globular, and heart embryos
was observed under the B spectrum; in comparison to the effect of other light treatments
that had no embryo formation [24]. The B light can affect plant auxin content (specifically
indoleacetic acid-IAA). Therefore, it can affect PGR and morphotomorphogenesis [68].
Similar to the previous species, in D. umberosa, the apical meristem of PLBs had the most
development under R-B spectra and produced two to three-leaf primordia (Figure 2e).
This issue shows the positive and promotive effects of the B spectrum. The result showed
that when the G, R spectra and D conditions were used to induce embryogenesis in D.
umberosa, most of the explants did not produce embryos or a high number of embryos
died (Figure 9). The PLB with larger diameters were observed under the G spectrum and
D conditions (Figure 3d,f), but these conditions were not suitable for their survival. In
D. umberosa, the embryos germinated when they were transferred and cultured on the
PGR-free basal medium, and the germination level of embryos in different light spectra was
significantly different. After exposure to white light, the B spectrum increased the induction
and germination of SE from the protocorm explant (Figures 6b and 8). The B spectrum
is important for photomorphogenesis [68]. Consistent with this, it has been reported in
Oncidium that the B spectrum increases differentiation and enzyme activities in embryos [18].
Previous studies have already mentioned the relationship between SE production and
photo-equilibrium and the increase in SE formation by increasing photo-equilibrium. There
is a higher photo-equilibrium under W light compared to the B spectrum [69]. Our results
indicate that LEDs are a forward light source that increases DSE induction. Formation with
high efficiencies of plant regeneration in both terrestrial orchids studied. We recommend the
use of white light to produce the most PLBs on wounded protocorm explants of D. umberosa
(Figure 8) and R-Fr light for producing the highest number of PLBs on wounded protocorm
explants of E. veratifolia (Figure 7), both in a culture medium containing 3 mg L−1 TDZ.
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5. Conclusions

Some native species like D. umberosa have been exposed to extinction because of
uncontrolled harvest from their natural habitats. Mass propagation of E. veratrifolia and
D. umberosa is difficult and sometimes impossible by using conventional in vitro culture
methods because of low seed germination, lack of suitable symbionts, slow vegetative
growth, and absence of efficient methods for asexual reproduction. In the present study,
for the first time, a successful method and an efficient in vitro propagation protocol were
established for these species by using light spectra through DSE. This protocol will have
a significant impact on commercial micropropagation and genetic resource conservation
of these native orchids. Wounding on the protocorm explants of D. umberosa with the use
of a medium containing 3 mg L−1 TDZ caused a 94.1% increase in the number of PLBs
under white light. In E. veratrifolia, the use of wounded protocorm explants in the medium
containing 3 mg L−1 TDZ under the R spectrum caused an increase in production by 98.8%.
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Abstract: Key message. The success of interspecific hybridization in hardy geranium (Geranium
sp.) can be predicted by considering the genetic distance between parental genotypes and using the
logistic regression model developed in this study. Hardy geranium is a popular ornamental plant
known for its architecture, hardiness, prolonged flowering, and diverse colors in leaves and flowers.
In ornamental breeding, the pursuit of novel trait combinations is never-ending. Even in Geranium,
certain combinations of valuable traits have not yet been achieved. Interspecific hybridization can in-
crease diversity; however, success remains low due to pre- and postzygotic barriers. Crossing success
can be predicted by response criteria such as pollen tube growth (tube_length), seed development
(seed_dev), and seed setting (seed_set). Within a collection of 42 Geranium genotypes and during
two consecutive breeding seasons (years), we evaluated tube_length, seed_dev, and seed_set for
150, 1155, and 349 crosses, respectively. These crosses varied in four parental differences (variables):
chromosome number (Chrom), DNA/chromosome (DNA), style length (Style), and genetic distance
expressed as the Jaccard distance (cJaccard = 1 − Jaccard). Using logistic regression models has
confirmed that most often, the success rate decreased with increasing parental distance. The most
consistent association was seen in seed_dev in combination with cJaccard. The model was used
to predict the number of crosses necessary to have 10 successful crossing products by taking into
account the uncertainty in the model. These findings provide valuable guidance for future planning
of interspecific breeding experiments in Geranium. By incorporating the genetic distance between
parental genotypes, breeders can enhance the efficiency and success of hybridization efforts.

Keywords: Geraniaceae; incongruity; interspecific hybridization; Jaccard; pollen tube; pre- and
postzygotic barriers

1. Introduction

Geranium, the largest genus of the Geraniaceae, is divided into three subgenera: Erodi-
oidea, Robertium, and Geranium [1]. Hardy geraniums are well-suited to temperate climates
and thrive in well-watered soils. These plants can grow in a wide range of environments,
as long as the climate is suitable [2]. Successful intersubgeneric crosses have been carried
out between species of Geranium and Erodioidea, although the most common combina-
tions occur within the subgenus Geranium [2]. Under natural conditions, crosses between
members of Robertium and the other two subgenera are not successful, confirming the
occurrence of incongruity and fertilization barriers in hardy geranium. Hardy geraniums
with commercially appealing traits typically showcase characteristics such as large flowers,
an extended flowering period, unique flower or leaf colors, distinctive morphologies, and
unusual plant architecture (e.g., compactness).
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Creating new plant combinations, especially in ornamentals, remains a crucial ap-
proach to increasing diversity within a plant assortment [3]. Hardy geraniums show an
enormous variation, with a minority of cultivars combining particularly attractive traits.
Interspecific hybridization is the most obvious way to create new cultivars, by introducing
new and desirable traits into existing cultivars. This method has been used in other herba-
ceous ornamental breeding programs, including Asclepias sp. [4], Pavonia [5], ornamental
pepper [6], and many others.

Successful hybridization requires parent plants with viable pollen and receptive stig-
mas as well as essential congruity. Crossing barriers have either a genetic or a morpho-
logical background [7]. These barriers can be classified as different flowering times of the
species, varietal differences, self or class incompatibility, pollen failure, low rate of pollen
tube growth, fertilization failure, developmental arrest after the initial cell divisions after
fertilization, or the production of nonviable seeds [7].

The majority of pollen grains capable of long-distance transport exhibit tolerance to
desiccation and/or have the ability to form long pollen tubes [8]. In the absence of incon-
gruence, the pollen on the stigma undergoes five successive events: adhesion, hydration,
germination, penetration of the pollen tube, and growth through the transmitting tissue [9].
Prezygotic barriers occur from the start; in some crosses, pollen is even shed at the stigma
surface. This is most common in species with dry stigmas [10,11]. Studies in Arabidopsis
have confirmed that as the genetic distance between parent species increases, the attach-
ment of pollen decreases [12]. Incongruity can also be observed as an atypical behavior
of the pollen tube, such as growth in the wrong direction, callose plugging, or growth
that stops before entering the ovules. Longer or more intense callose plugs in apples and
tobacco, respectively, are indications of incongruity [13]. Geranium has a dry stigma [10],
with five carpels and ten ovules producing five seeds under optimal conditions [14]. In
addition, a study of pollen tube growth in Geranium caespitosum showed that after 2 h, fewer
self- than cross-pollinated tubes entered the ovules, but after 24 h the difference between
the number of tubes from self- and cross-pollination entering the ovules had decreased [15].
In Geranium maculatum, 30 min was sufficient for pollen tubes to reach the ovules with a
growth rate of 0.133 mm/min [14]. However, achieving optimal conditions is not always
possible. In such cases, embryo rescue has been well-documented to increase breeding
success in interspecific hybridizations [16–21].

A highly significant positive correlation was observed between transgression fre-
quency and genetic distance in eudicot plants [22], making it important for breeders to find
the effect of parental differences on hybrid production rate. Some studies highlight that
knowledge of genetic distance is a good predictor of success in breeding programs [23].
However, in Sarcococca, genetic distance, ploidy level, and genome size did not represent a
true hybridization barrier [24], while in Helleborus, a general relationship between genetic
distance and hybrid offspring was established [25]. Shortening the breeding cycle is a
desirable goal in breeding programs and the use of breeding programs and modeling can
greatly help breeders in parental selection, predicting crossing performance, and selecting
strategies. The objective of this study was to develop a model that can predict crossbreed-
ing success in hardy geraniums through interspecific hybridization. This novel model is
based on analyzing various parental differences including chromosome numbers (Chrom),
DNA/chromosome (DNA, pg/chromosome), style length (Style), and genetic distances
(cJaccard). By observing pre- and postzygotic barriers during two crossing seasons of
Geranium, we constructed a logistic regression model. To the best of our knowledge, there
is no existing research that directly compares our unique combination of factors. This
study offers a fresh and comprehensive approach to predicting cross-success in hardy
geraniums, providing valuable insights for breeding programs aiming to enhance efficiency
and achieve successful hybridization outcomes.
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2. Materials and Methods

2.1. Plant Material and Growing Conditions

A Geranium collection comprising 42 genotypes was used for this study. The collection
represented the three subgenera of Geranium (Geranium, Erodioidea, and Robertium) and
included 18 species, 18 interspecific hybrids, and 6 genotypes with unknown backgrounds
(Table 1).

Table 1. Different genotypes of Geranium sp. used in this study.

Codes Genotypes Subgenera Parents

G01 G. ‘Anne Thomson’ Geranium Parent 1: G. procurrens, Parent 2: G. psilostemon

G02 G. ‘Azure rush’ Geranium Parent 1: G. wallichianum, Parent 2: G. ‘Rozanne’

G03 G. ‘Bob’s Blunder’ Geranium unknown

G04 G. ‘Brookside’ Geranium Parent 1: G. pretense, Parent 2: G. clarkei

G05 G. ‘Catherine Deneuve’ Geranium Parent 1: G. psilostemon, Parent 2: G. × oxonianum or G.procurrens

G06 G. ‘Chantilly’ Geranium Parent 1: G. gracile, Parent 2: G. renardii

G07 G. ‘Dragon Heart’ Geranium Parent 1: G. psilostemon, Parent 2: G. procurrens

G09 G. pratense ‘Galactic’ Geranium G. pratense

G10 G. cinereum ‘Jolly Jewel Red’ Erodioidea G. cinereum

G13 G. × riversleaianum ‘Mavis Simpson’ Geranium Parent 1: G. endressii, Parent 2: G. traversii

G14 G. ‘Orion’ Geranium Parent 1: G. ‘Brookside’, Parent 2: G. himalayense

G16 G. ‘Rozanne’ Geranium Parent 1: G. wallichianum, Parent 2: G. himalayense

G17 G. ‘Salome’ Geranium Parent 1: G. lambertii × G. procurrens, Parent 2: G. sanguineum

G18 G. ‘Sanne’ Geranium Parent 1: G. sessiliflorum, Parent 2: G. × oxonianum

G19 G. nodosum ‘Silverwood’ Geranium G. nodosum

G21 G. wallichianum ‘Sylvia’s Surprise’ Geranium G. wallichianum

G22 G. ‘Tanya Rendall’ Geranium G. × antipodeum

G24 G. ‘Tiny Monster’ Geranium Parent 1: G. sanguineum, Parent 2: G. psilostemon

G27 G. × cantabrigiense ‘Biokovo’ Robertium Parent 1: G. maccrorhizum, Parent 2: G. dalmaticum

G30 G. cinereum ‘Laurence Flatman’ Erodioidea G. cinereum

G35 G. endressii Geranium G. endressii

G37 G. endressii ‘Trevor Bath’ Geranium G. endressii

G38 G. himalayense ‘Baby Blue’ Geranium G. himalayense

G39 G. himalayense ‘Derrick Cook’ Geranium G. himalayense

G42 G. macrorrhizum ‘Czakor’ Robertium G. maccrorhizum

G44 G. macrorrhizum ‘White Ness’ Robertium G. maccrorhizum

G45 G. maculatum ‘Album’ Geranium G. maculatum

G46 G. maculatum ‘Elizabeth Ann’ Geranium G. maculatum

G49 G. × oxonianum ‘Katherine Adele’ Geranium Parent 1: G. versicolor, Parent 2: G. endressi

G50 G. × oxonianum ‘Southcombe Double’ Geranium Parent 1: G. versicolor, Parent 2: G. endressi

G54 G. phaeum ‘Angelina’ Erodioidea G. phaeum

G57 G. pratense ‘Algera Double’ Geranium G. pratense

G61 G. pratense ‘Purple Ghost’ Geranium G. pratense

G62 G. psilostemon Geranium G. psilostemon
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Table 1. Cont.

Codes Genotypes Subgenera Parents

G64 G. renardii Geranium G. renardii

G69 G. sanguineum ‘Album’ Geranium G. sanguineum

G71 G. sylvaticum ‘Album’ Geranium G. sylvaticum

G73 G. versicolor Geranium G. versicolor

G75 G. ‘Bloomtime’ Geranium Parent 1: G. wallichianum, Parent 2: G. himalayense

G76 G. wallichianum ‘Havana Blue’ Geranium G. wallichianum

G77 G. wlassovianum Geranium G. wlassovianum

G80 G. ‘Blushing Turtle’ Geranium G. sanguineum

All plants were planted in duplicate in an open field at ILVO, Melle, Belgium (50◦59′31.6′′
N, 3◦47′07.3′′ E); in addition, at least two plants of each genotype were kept in the green-
house. Plants in the greenhouse were grown in 2 L pots (peat substrate Saniflor NPK
12:14:24, EC 45 mS·m−1), except G. cinereum, which was potted in a stone mixture (Kift).
Plants were grown under natural conditions (greenhouse ventilation set point was 10 ◦C).

2.2. Parental Difference

To test pre- and postzygotic barriers, 1654 crosses were carried out, of which 41, 96,
and 236 cross combinations were performed for pollen tube length (tube_length, 2020 and
2021, Table S2), seed setting (seed_set, 2020, Table S3), and seed development (seed_dev,
2021, Table S4), respectively. Four different measures were used to characterize the parental
difference between two parents (P1 and P2) in each cross: Chrom, DNA, Style, and cJac-
card (cJaccard = 1 − Jaccard, which is the complement of Jaccard similarity and represents
Jaccard distance) (Tables S2–S4). Chrom expresses the parental difference between the chro-
mosome number in a cross [26]. DNA is the difference in genome size/chromosome number
(pg/chromosome) [26]. Style is the difference in style length (mm), which was measured using
a ruler when the style was fully developed. The Jaccard similarity coefficient is calculated
using statistical software based on AFLP markers (0 and 1), and the formula [27] is:

J =
a

a + b + c

where J is the Jaccard similarity coefficient, a represents the total number of attributes where
parent P1 and P2 both have a value of 1, b represents the total number of attributes where
the attribute of P1 is 0 and the attribute of P2 is 1, and c represents the total number of
attributes where the attribute of P1 is 1 and the attribute of P2 is 0.

By using cJaccard, all four indices represent a distance, thereby ensuring that the
regression coefficients of the logistic regression have the same interpretation: a negative
slope implies a lower success rate for an increasing parental distance.

2.3. Crossing Success Criteria

The success rate of these crosses was assessed based on the following crossing success
response criteria:

(1) Pollen tube growth (tube_length) using aniline blue staining tests (see further);
(2) Seed development (seed_dev) is defined as the percentage of crossed flowers with at

least one swollen ovule with white, yellow, or green testa or mature seed with brown
testa, 7–35 days after pollination (for 2021);

(3) Seed set (seed_set) as the percentage of crossed flowers with at least one mature seed
with brown testa, 25–35 days after pollination (for 2020).
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The difference between seed_set and seed_dev is in the harvesting stage, in which
seed_set means all seeds remained on the plant until full maturation, while for seed_dev,
seeds were harvested immature or mature and rescued in tissue culture.

For the aniline blue staining 48 h after pollination, the pollinated pistils were harvested
and placed in FAA (formaldehyde:acetic acid:ethanol (70%) 1:1:18) for 24 h. After a washing
step with water, the pistils were transferred to NaOH (6 M) for 16 h. Then, the pistils were
transferred into 0.033 M K3PO4 + 0.1% aniline blue (Acros Organics, Geel, Belgium) and
kept in this solution for 3 h (in the dark), after which they were squashed and the pollen
tubes were examined using fluorescence microscopy (Leica DMIRB, Wetzlar, Germany).

2.4. Statistical Analysis

To predict the success of hybridization in hardy geraniums, the following univariate
logistic regression model was fitted:

log
π

1 − π
= β0 + β1 pd

In the formula, π represents crossing success, pd represents the parental difference,
and β0 and β1 represent the slopes of the regression line in the logit scale. For each response
criterion, four parental difference measures (variables) were examined for their quality as
predictors: Chrom, DNA, Style, and cJaccard.

A quasi-binomial error distribution was considered [28], i.e., an extension of the bino-
mial distribution so that proportions (such as tube_length) can be modeled. Additionally,
the quasi-model can cope with overdispersion, ensuring that standard errors (and therefore
confidence limits) are correctly estimated [29].

If the probability of success is π, the average number of crosses required to achieve
10 successes is 10/π. To take into account the uncertainty of the model, we also calcu-
lated this number for the lower and upper limits of the confidence intervals to predict the
value of π. Statistical analysis was conducted using R [30] in conjunction with RStudio
(version 2022.07.2). The regression models were fitted with the glm function from R-base
followed by the emmeans function from the emmeans package [31] to calculate the pre-
dicted values and 95% confidence intervals. For drawing the regression models along with
confidence bands, the function geom_smooth from the ggplot2 package [32] was used, with
method = “glm” and family = “quasibinomial”.

3. Results

3.1. Pre-Zygotic and Post-Zygotic Barriers

Prezygotic barriers were evaluated using aniline blue staining for some cross combina-
tions (Table S2). This resulted in different scenarios. Sometimes, germinated pollen stopped
early on the stigma, as depicted for the cross between G. himalayense ‘Baby Blue’ (G38) x G.
sanguineum ‘Album’ (G69) (Figure 1a). The cross G. nodosum ‘Silverwood’ (G19) x G. phaeum
‘Angelina’ (G54) also clearly showed a high degree of prezygotic incongruity due to curled
pollen tubes, disoriented pollen tube growth, and short pollen tubes (Figure 1b). Figure 1c
shows the cross G. ‘Blushing Turtle’ (G80) x G. ‘Brookside’ (G04) in which the pollen tubes
stopped before entering the ovules. Often, the pollen tubes contained many callose plugs,
but they could grow throughout the style (Figure 1d, G. ‘Brookside’ (G04) x G. sanguineum
‘Album’ (G69)). Based on pollen tube growth, the parental difference between cJaccard was
the variable that best expressed the success or failure of pollen tube growth (Tables S2–S4).

During two consecutive crossing seasons, more than 1504 crosses (crosses for tube_
length excluded) were performed for harvesting seeds. In some combinations, seed devel-
opment was observed by swelling of the carpels (ovules) and embryo formation, but not
all combinations could produce mature seeds. This indicates the existence of postzygotic
barriers. Their impact was assessed by comparing the seed production in the first crossing
season (2020), where seeds were harvested at maturity, with the second season’s success
(2021), where immature seeds and embryos were saved (Table 2). In 2020, it was found that
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5.2% of all combinations were successful in producing mature seeds, and 2.08% of them
were able to obtain a healthy seedling, while in 2021, when in vitro rescue of seeds and
embryos was included, successful combinations improved to 15.25%, and the probability
of a successful combination with healthy seedlings increased to 6.35%. Although different
crosses were performed in 2020 and 2021, the overall mean parental genetic distance (ex-
pressed as cJaccard) was similar for all crosses (Table 2). These data confirmed that some
postzygotic barriers can be overcome by embryo rescue treatments. Our results showed
that waiting for maturation reduced seed production from 3.03% to 0.85%, and healthy
seedling development from 0.57% to 0.17%, suggesting that efficiency would increase with
the rescue of immature seeds and embryos (Table 2).

 

Figure 1. Details of pollen tube growth visualized by aniline blue staining after 48 h in different
crossing combinations: (a) G. himalayense ‘Baby Blue’ (G38) x G. sanguineum ‘Album’ (G69) (arrow
shows that the pollen tube stopped), (b) G. nodosum ‘Silverwood’ (G19) x G. phaeum ‘Angelina’ (G54)
(arrow shows that the pollen tube grew in the wrong direction), (c) G. ‘Blushing Turtle’ (G80) x G.
‘Brookside’ (G04) (arrow shows that the pollen tube stopped before it entered the oocyte), and (d) G.
‘Brookside’ (G04) x G. sanguineum ‘Album’ (G69) (arrow shows the pollen tube with callose plug) (bar
scale = 0.5 mm).

Table 2. Success rate of different crosses and combinations of the first and second breeding seasons.

Growing Season 2020 2021

Number of all crosses 349 1155
Number of combinations 96 236

Number of harvested seeds 15 175
Number of combinations that produced seeds 5 36

Number of combinations that produced healthy seedlings 2 15
Number of healthy seedlings 3 33
Average of cJaccard of crosses 0.81 0.78
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3.2. Prediction of Crossing Success

To describe and predict the crossing success for future breeding programs of hardy
geraniums, univariate logistic regression models were examined using tube_length, seed_dev,
and seed_set as the response criteria (Figures 2 and 3). The explanatory variables expressing
parental difference were Chrom, DNA, Style, and cJaccard. Figure 2 displays the regres-
sion models, while Figure 3 shows the estimated slopes along with their 95% confidence
intervals. Parameter estimates (intercept and slope), 95% confidence intervals, t-values,
and corresponding p-values for all fitted models can be found in Tables S5–S7. For most
combinations, the slope of the parental difference is negative (decreasing regression lines).
With increasing parental difference, the success rate, as assessed by tube_length, seed_set,
and seed_dev, decreases. In addition, some of the 95% confidence limits for the slope
estimates do not cover zero, implying that we can reject the null hypothesis of no slope at a
significance level of 5%. More specifically, for cJaccard, the slope is consistently negative,
while for Style, Chrom, and DNA, the slopes were not. Conversely, when considering the
response variables, seed_dev consistently exhibited a negative relationship with all ex-
planatory variables, making it the most suitable predictor of breeding success in Geranium.

 
Figure 2. Univariate logistic regression model with response criteria tube_length, seed_dev, and
seed_set with Chrom, DNA, Style, and cJaccard as explanatory variables. The size of the points is
proportional to the number of observations with the same coordinates. The interval represents the
95% confidence limit. The graphs were created using the function geom_smooth from the R package
ggplot with the options method = “glm” and family = “quasibinomial” [30].
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Figure 3. The slope parameters and their 95% confidence interval of the logistic regression model.
Negative values whose confidence interval does not pass 0 on the X-axis are significantly negatively
correlated with the variables Chrom, DNA, Style, and cJaccard. The confidence intervals were
calculated with the emmeans function of the R package emmeans [30].

3.3. Prediction of Required Cross Number to Have 10 Crossing Products

The combination of Jaccard distance (cJaccard) and seed development (seed_dev)
as the response variable yielded the best model. According to Table S7, the model for
the probability πsd of achieving at least one success for seed development (seed_dev) is
as follows:

log
πsd

1 − πsd
= 3.07 − 7.00 cJaccard

We utilized the predicted probabilities to evaluate the number of crosses necessary to
achieve 10 successful crossing products on average, which is represented by the equation
10/πsd. Figure 4 provides a graphical representation of this equation for both the fitted
value and the lower and upper limits of the predictions. Although the confidence limits for
πsd decrease for decreasing Jaccard distance, the uncertainty around the predicted number
of crosses increases due to the reduced probability of success at large parental distances.
The table displayed within the graph presents the results for some specific values of the
Jaccard distance. When the cJaccard of the parents is 0.5, the success rate of crossing is 39%.
This implies that harvesting 10 developed seeds requires 25 (18–38) crosses. On the other
hand, if the cJaccard value increases to 0.8, the success rate will drop to 7%, and to achieve
10 successful crosses, 136 (99–197) crosses are necessary (Figure 4).
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Figure 4. Number of crosses required to obtain 10 flowers with at least one developed seed as
predicted by the model based on seed_dev and the Jaccard distance (cJaccard) as a prediction
parameter. The estimated coefficients of the model are according to Table S7.

4. Discussion

Prezygotic barriers such as incorrect pollen growth directions, twisted and/or short
pollen tubes, and high density of callose plugs observed in Geranium are often observed in
interspecific or intergeneric crosses in ornamentals [33,34]. When pollen germinates, the
accumulation of callose can indicate the incompatibility of pollen grains and tubes, which
may also appear in the papillae of the stigma after rejection [35]. The number of callose
plugs in Geranium is not a real impediment to fertilization since many callose plugs are
present in the compatible parent combinations with a low cJaccard, but in plants with a
larger size of plugs, the pollen tube may stop earlier. Callose also plays a crucial role in
protecting the elongating pollen tube from tensile and compressive stresses and prevents
reflux of pollen tube contents, thus maintaining turgor pressure and tube integrity [36,37].
Qin et al. confirmed that in Arabidopsis thaliana, pollen tubes without callose plugs were
shorter than those with plugs [38]. Further, in Hibiscus moscheutos, the number of callose
plugs can also be used as an indicator of pollen tube growth rate [39].

Our observations confirm that crossing barriers in Geranium primarily resulted from
pollen failure, aberrant pollen tube growth, failed fertilization, and arrested growth before
the formation of viable seeds. In some combinations, pollen tubes fail to adhere to the
stigma, which is common in plants with dry stigmas. In other crosses, swollen pistils are
observed without embryo formation, indicating successful pollen tube growth through
the style tissue but unsuccessful fertilization. Eventually, in some cases, embryos were
formed but never reached the mature stage. Techniques such as reciprocal crosses, mixed
or mentor pollination, style manipulation, or stigma treatment can help overcome prezy-
gotic barriers [34,40,41]. Postzygotic barriers often result from genetic discrepancy and
chromosome degeneration during cell division of the zygote [42]. Lack of endosperm
development, abortion of the embryo, albinism, or lack of vigor are the main observations
in postzygotic abortion [3]. In the interspecific hybridization of Lilium, embryonic develop-
ment is influenced by endosperm development, and the lack of embryo development in
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the endosperm can be resolved by early embryo rescue [42]. Geranium seeds typically have
little endosperm [43], and during the mature stage, both the nucellus and endosperm have
disappeared [44]. Embryo rescue has been successfully applied to Pelargonium sp., a close
relative of Geranium [45,46].

Our findings strongly support the concept that crossing success diminishes as parental
distance increases. In our study, the best measure of parental distance was the Jaccard
distance, the complement of the Jaccard similarity. With all variables for parental differences
of crossing success, the slope with cJaccard is negative. Notably, the strongest relationship
was found with seed_dev, making it the most reliable predictor of crossing success in
Geranium. This is probably due in part to the high number of replicates and good data
coverage. Previous research also supports the importance of cJaccard in determining cross
compatibility [26], and based on hybrids described in the literature, we hypothesized that
good cross compatibility was correlated with a cJaccard of 0.5 and that the maximum value
of cJaccard for hybridization is 0.87. According to our logistic regression model utilizing
our hybridization data, cJaccard values of 0.5 and 0.87 correspond to a seed development
crossing success of 39% or 4.6%, respectively. These rates are considered indicative of
good and poor success, respectively. To our knowledge, this is the first instance where
ornamental breeders can quantitatively estimate the number of crosses required to attain
a desired success rate based on specific variables of parental differences. This newfound
knowledge has the potential to significantly enhance the efficiency of hybrid production in
hardy geraniums. By accurately predicting crossing success rates, breeders can strategically
plan their breeding programs, optimize resource allocation, and ultimately achieve higher
success rates in geranium hybridization.

5. Conclusions

In conclusion, our study demonstrates that the success of interspecific hybridization
in Geranium can be predicted by considering the genetic distance between parental geno-
types and utilizing the logistic regression models developed in this study. We have also
discovered that harvesting immature seeds and saving embryos can increase the success
rate of hybridization. The logistic regression model we have developed provides breeders
with the ability to estimate the number of required crosses to achieve a specific success
rate based on parental differences, enabling more realistic and efficient breeding programs
in Geranium. The increasing success rate of interspecific hybridization through the use of
predictive models and advanced breeding techniques can have significant implications for
the development of new cultivars.
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S4: Cross combinations that were carried out for seed_dev evaluation with their respective parental
difference variables; Table S5: Intercept and slope of the logistic regression model in the logit scale for
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Abstract: To adapt to climate change and water scarcity during dry, hot summers, more sustainable,
or even deficit, irrigation is required in the ornamental sector, as it uses large amounts of water
to sustain high-value crop production. Biostimulants, especially seaweed extracts, could offer a
sustainable solution against drought stress as they are known to increase plant tolerance to abiotic
stress. The effect of four seaweed extracts based on Ascophyllum nodosum, Soliera chordalis, Ecklonia
maxima, and Saccharina latissima and one microbial biostimulant were tested on container-grown
Hydrangea paniculata under drought stress conditions for two years. During the first trial year, in 2019,
overall irrigation was reduced by 20%. In 2021, plants were subjected to repeated drying and wetting
cycles. In general, less irrigation, and thus a lower substrate moisture content, reduced stomatal
conductance, biomass production, and root development, but increased plant compactness. The
biostimulants showed minor effects, but these were not observed in both experiments. Treatment
with the A. nodosum extract resulted in longer branches and more biomass under deficit irrigation but
tended to accelerate flowering when repeated drying and wetting cycles were applied. The E. maxima
extract negatively affected the branching of Hydrangea under repeated drying and wetting cycles.

Keywords: woody ornamentals; biostimulants; seaweed extracts; drought stress; pigments; stress
metabolites; reflectance; stomata; dendrometer (LVDT)

1. Introduction

Ornamental horticulture is a small, but economically important, sector within agricul-
ture in Belgium. The sector had a production value of 511 million euros in 2020, demonstrat-
ing its economic importance. To obtain high-quality plants, the hardy nursery sector uses
large amounts of water [1,2] but, due to climate change, growers are increasingly facing
periods of prolonged drought and heat waves, from which legal restrictions on water use
and water shortages can arise. In the future, growers will be forced to use less water in
their growing system, such that plants could suffer from drought stress [3].

Plant biostimulants are defined in the European Regulation (EC) No 2019/1009 for
fertilizing products as follows: ‘A plant biostimulant shall be an EU fertilizing product the
function of which is to stimulate plant nutrition processes independently of the product’s
nutrient content with the sole aim of improving one or more of the following characteristics
of the plant or the plant rhizosphere: (a) nutrient use efficiency, (b) tolerance to abiotic
stress, (c) quality traits, or (d) availability of confined nutrients in the soil or rhizosphere’ [4].
Biostimulants consist of a variety of ingredients and formulations and therefore can be
classified into different groups, e.g., humic and fulvic acids, protein hydrolysates and other
N-containing compounds, seaweed extracts and botanicals, chitosan and other polymers,
inorganic compounds, beneficial fungi, and beneficial bacteria [5–7].
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Since antiquity, seaweeds have been used in agriculture as a source of organic mat-
ter and fertilizer, but their biostimulant effects have only been discovered recently [6,8].
Seaweed extracts contain polysaccharides, e.g., laminarin, alginates, carrageenans, micro-
and macronutrients, sterols, N-containing compounds such as betaines, and hormones
as potentially bio-active components and can act on soils and plants. They can affect the
physical, chemical, and biological properties of the soil, e.g., improvement of moisture-
holding capacity and soil aeration, contribution to the fixation and exchange of cations,
and promotion of beneficial soil microbes [6,8,9]. They may also affect root architecture by
improving lateral root formation and increasing the total root volume thus facilitating the
efficient uptake of nutrients and water [9,10]. Seaweed extracts influence photosynthesis
through a reduced degradation of chlorophyll, possibly caused by betaines [11]. Hormones
present in seaweed extracts, e.g., auxins, abscisic acid, gibberellins, and other classes of
hormone-like compounds, are considered to be the major causes of biostimulant activity on
crops. The hormonal effects may affect seed germination, plant establishment, and further
growth and development [8,9]. Wally et al. (2013) found evidence that the hormonal effects
of the brown seaweed A. nodosum are, to a lesser extent, related to the hormonal content of
the seaweed extracts themselves, but are mainly linked with the up- and down-regulation
of hormone biosynthetic genes in the plant tissues [12]. Furthermore, seaweed concentrates
trigger early flowering and fruit set in several crop plants probably by initiating robust plant
growth [9]. Finally, seaweed extracts have also been shown to alleviate a variety of abiotic
stresses including drought, salinity, and nutrient stresses [13]. Many abiotic stress factors
manifest as osmotic stress and cause secondary effects, such as oxidative stress, which will
lead to an accumulation of reactive oxygen species (ROS). These are known to damage
DNA, lipids, carbohydrates, and proteins and cause aberrant cell signaling [9,14]. The
mode of action of seaweed extracts in alleviating abiotic stress is not well understood, but
the presence of bioactive molecules in the extracts, such as betaines [15] and cytokinins [16],
may play a role. Seaweed extracts also increase endogenous concentrations of stress-related
molecules in treated plants, such as cytokinins, proline, antioxidants, and antioxidant
enzymes [13].

In the current study, biostimulants based on different seaweed species were selected
as they are well known to increase the drought tolerance of plants. The effects of three
commercial biostimulants based on the seaweeds A. nodosum, E. maxima, and S. chordalis,
and one experimental biostimulant based on S. latissima, are studied on Hydrangea paniculata
grown under (a) deficit irrigation or (b) repeated drying and wetting cycles. A microbial
biostimulant was also included as they are known to protect plants from adverse environ-
mental conditions. We used specific plant monitoring tools, physiological plant parameters,
and ornamental value to find the best biostimulant that allows reduced irrigation without
a loss of the ornamental quality of Hydrangea paniculata.

2. Materials and Methods

2.1. Plant Material and Growing Conditions

This research was conducted in greenhouses at the Ornamental Plant Research station
(Proefcentrum voor Sierteelt PCS, Destelbergen, Belgium), Destelbergen, Belgium (51◦3′ N;
3◦48′ E) during the growing seasons of 2019 and 2021.

In spring 2019, rooted plug plants of Hydrangea paniculata ‘Phantom’ were transplanted
in 1.5 dm3 containers filled with a commercial peat-based substrate (Agaris, Belgium),
supplemented with a controlled-release fertilizer (3 kg m−3 Osmocote® Exact 5/6 M
15-9-12 + 2 MgO + 1 kg m−3 media trace elements). In spring 2021, rooted stem cuttings of
Hydrangea paniculata ‘Little Alf’ were transplanted in 3 dm3 containers with a commercial
peat/coconut substrate (Agaris, Belgium), containing a PG-mix fertilizer for the first three
months of growth (0.4 kg m−3, NPK 14-16-18 + trace elements; Agaris, Belgium). The
experiments were set up in a greenhouse (average air temperature of 18–20 ◦C; average
relative humidity of 71–82%) to avoid interference with rainfall. Prior to the experimental
setup, plants were uniformly irrigated according to good horticultural practices. The
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young plants acclimated 4–12 weeks, and were then randomly assigned to an irrigation-
biostimulant treatment (control or drought, with or without biostimulants).

2.2. Experiment 1—Deficit Irrigation (2019)

In 2019, a total of five treatments were studied. Two irrigation treatments started
four weeks after transplanting (13 June 2019). The control treatment, based on growers’
advice, received 3 L m−2 overhead irrigation (standard irrigation), while the treatment
with a deficit irrigation (80%) received 2.4 L m−2 (deficit irrigation). A reduction of 20%
was chosen, as 10% reduction, tested in a preliminary screening, had minor effects on plant
growth and stress level, and no biostimulant effects were observed under these growing
conditions. Irrigation frequency was controlled by radiation sum when a threshold value
of 20 MJ m−2 was exceeded.

Only the plants grown under deficit irrigation were treated with a foliar spray of
biostimulants (three biostimulant treatments). Three commercial seaweed extracts, one
based on the seaweed Ascophyllum nodosum (Phylgreen; Tradecorp), one on Soliera chordalis
(SeaMelPure; Olmix), and another based on Ecklonia maxima (Kelpak; Kelp Products In-
ternational), were tested, in comparison with a non-treated deficit control (DS Control)
(Table 1). The doses and frequencies were specified by the manufacturer (Table 1).

Table 1. Application doses and frequencies of the tested biostimulants.

Trial Year Biostimulant Application Dose Application Frequency

2019

Ascophyllum nodosum extract
(Phylgreen, Tradecorp) 1.5 L ha−1 Every 15 days

Soliera chordalis extract
(SeaMelPure, Olmix) 2 L ha−1 One application two weeks

after planting

Ecklonia maxima extract
(Kelpak, Kelp Products International) 2.5 L ha−1

First application: 7–10 days after
planting; repeated at 14–21 days
intervals up to four applications

2021

Ascophyllum nodosum extract combined with
product based on plant-based amino acids

(Phylgreen + Delfan Plus V, Tradecorp)

Phylgreen:
0.5 mL L−1

Delfan Plus V: 2 mL L−1

Phylgreen: Every 15 days
Delfan Plus V: during stress

Ecklonia maxima extract
(Kelpak, Kelp Products International) 2.5 L ha−1

First application: 7–10 days after
planting; repeated at 14–21 days
intervals up to four applications

Saccharina latissima extract
(experimental product) 3 mL L−1 Every two weeks

Previsan S (Agriton) 30 mL L−1 Every two weeks

All five treatments were repeated four times in a randomized block design. An
experimental unit consisted of nine measuring plants surrounded by eleven border plants
distributed in seven trays. In total, 400 plants were present. This experiment was completed
at the end of October 2019.

2.3. Experiment 2—Repeated Drying and Wetting Cycles (2021)

In 2021, plants were irrigated by a drip irrigation system, one dripper per plant. The
supply was set at 250 mL per dripper, corresponding to an irrigation of 0.88 L m−2. The
irrigation frequency was controlled by radiation sum set at 8 MJ m−2, so plants were
watered one to three times a day during the summer season. During the summer months,
three drying cycles were applied by turning off the irrigation, followed by a recovery period
compared with a continuously well-irrigated control so that two irrigation treatments were
present. The first drying cycle in June started 12 weeks after transplanting (23 June–1 July)
and ended before the presence of wilting symptoms, due to high temperatures. During the
second cycle in July (16–22 July) and the third and final cycle in August (19–25 August), the
plants were kept under water deprivation until they showed wilting symptoms. Measure-
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ments were only performed during the first and last drying cycle. The trial ended at the
end of the growing season in September.

In 2021, two commercial seaweeds applied in 2019 were tested again, namely the
E. maxima extract and the A. nodosum extract, the latter in combination with the application
of a biostimulant based on hydrolyzed proteins (Delfan Plus V; Tradecorp). In addition,
an experimental seaweed extract based on Saccharina latissima (North Sea Farmers) and a
commercial biostimulant based on micro-organisms (Previsan S; Agriton) were included
(Table 1). Biostimulants (four treatments) were tested on plants grown under repeated dry-
ing and wetting cycles compared with a non-treated control (DS Control). No biostimulants
were applied to the continuously well-irrigated plants (No stress Control). A total of six
treatments were present, which were repeated four times in a randomized block design.
An experimental unit consisted of ten measuring plants and twelve border plants. A total
of 288 plants were present.

2.4. Substrate Moisture Content Measurements

Substrate characteristics (volumetric moisture content, electrical conductivity, and
temperature) were determined using a WET sensor (Delta-T Devices Ltd., Cambridge, UK).
During the deficit irrigation trial, measurements were performed every two weeks since
continuous drought stress was expected, resulting in twelve measurements. During the
drying–wetting cycle treatment, measurements were performed before the irrigation stop,
(almost) every day of the drought period (no irrigation), and after drought recovery of
three–four days. A total of eight (Exp. 2, cycle 1) or sixteen (Exp. 2, cycle 3) determinations
of volumetric moisture content were performed.

2.5. Plant Physiological Responses

Chlorophyll and flavonoid levels in the leaves were determined non-destructively
using a DUALEX® (Force A, Orsay, France). Hyperspectral reflectance spectra were de-
termined at leaf level with a PolyPen RP410 (Photon Systems Instruments, Drásov, Czech
Republic). Based on the hyperspectral data, selected indices were calculated (Table 2). The
red edge inflection point (REIP) was calculated by determining the maximum value of the
first deviation of the hyperspectral curve in the red region. A total of four measurements,
on the two youngest fully developed leaves of two measurement plants were taken per
experimental unit (n = 16). Twice as many measurements were performed in the second
experiment in 2021.

Table 2. Reflectance indices calculated by the PolyPen RP410 based on hyperspectral data.

Reflectance Index Formula Reference

NDVI (Normalized Difference Vegetation Index) NDVI = RNIR − RRED
RNIR+ RRED

Ref. [17]
Lic1 (Lichtenthaler Index 1) Lic1 = R790−E680

R790+R680
Ref. [18]

Ctr2 (Carter Index 2) Ctr2 = R695
R760

Ref. [19]
ARI1 (Anthocyanin Reflectance Index 1) ARI1 = 1

R550
− 1

R700
Ref. [20]

Chlorophyll fluorescence was measured using a MINI-PAM II (Walz, Effeltrich, Ger-
many). After 20–30 min of dark adaptation, the initial fluorescence (F0) was determined,
followed by a saturating flash (>4000 μmol m−2 s−1; 8 s) to determine the maximum
fluorescence level (FM). The maximum quantum efficiency of PSII (FV/FM) was calculated
as the ratio of the difference between FM and F0 over FM [21].

Stomatal conductance was measured five hours after sunrise, around midday (between
11:00 a.m.–01:00 p.m.), using a porometer (Delta-T Devices Ltd., Cambridge, UK). A total
of eight (Exp. 1) and sixteen (Exp. 2) replicates per treatment were obtained by measuring
one leaf, the youngest fully developed, per plant and two plants per experimental unit
each time.
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During the last drying cycle of experiment two, continuous measurements of stem
diameter variation using linear variable displacement transducers (LVDT; DF series, So-
lartron Metrology Ltd., Steyning Way, UK) were performed on fifteen plants to monitor
one to three repetitions in all six treatments. The data obtained from the LVDTs result in
variations in stem diameter thickness (mm) after calibration. Calibration was undertaken
beforehand giving a linear regression with R2 > 0.998 for each sensor. The continuous stem
diameter variation data were used to calculate daily stem diameter growth (the difference
between stem thickness at midnight between two consecutive days) and stem shrinkage
(the difference between the thickest and smallest stem diameter during that day). These
calculations were performed every day during the observed period. Three sensors per
treatment were installed but due to the movement of the stems during growth, erroneous
displacement of the sensor head could occur, resulting in fewer replicates.

2.6. Morphological Parameters

At the end of both experiments, the number of branches was counted, and the length
of the longest branch was measured. The plants were then harvested by cutting the stems
just above the substrate to determine fresh and dry weight. The latter was performed by
heating the above-ground biomass at 70–90 ◦C for at least 48 h. Finally, substrates were
removed from their containers to examine the visible root distribution on a relative scale
from 1 to 5 (Exp 1): 1—almost no visible roots, 2—limited visible roots at the bottom,
3—well-developed roots, but not all around the pot, 4—good root development all around
the pot, and 5—excellent rooting (Figure S1 in Supplementary Materials). For the second
experiment, the containers were double in volume and roots were in general less devel-
oped, so a slightly different scale was used: 1—almost no visible roots, 2—limited visible
roots at the side, 3—limited root development at both the side and the bottom, 4—root
development all around the pot and limited at the bottom, 5—good root development all
around the pot and at the bottom (Figure S2). In experiment 1, six plants were harvested
from each experimental unit (n = 24). In experiment 2, fourteen plants were harvested from
each experimental unit, and thus 56 plants per treatment. Because of the late pinching to
stimulate branching in the first experiment, inflorescences could not be assessed. At the
end of the second trial, the number of inflorescences was counted, and the development of
each inflorescence was divided into five categories: 1—closed bud, 2—first elongation of
the inflorescence with flower clusters still together, 3—second elongation of the inflores-
cence with the extension of the green flower clusters, 4—flowers open but still green, and
5—whitening of the flower (Figure S3).

2.7. Statistical Analysis

Statistical analysis was performed using Rstudio (R version 4.0.2) [22], completed with
packages for specific statistical tests and making graphs [23–32]. First, data were checked
on the presence of outliers. If the data complied with normality and homoscedasticity,
results were subjected to a two-way analysis of variance with treatment and block as main
effects (ANOVA). As no block effects were observed, the main effects were further analyzed
by a post-hoc Tukey HSD test (p ≤ 0.05). For the comparison of well-watered and drought
stress without biostimulants, a Student’s t-test was performed. Non-parametrical data were
analyzed by a Scheirer–Ray–Hare test [33], a non-parametrical alternative for a two-way
ANOVA and extension of the Kruskal–Wallis test, followed by a post hoc Dunn’s test with
‘Benjamini-Hochberg’ correction (p ≤ 0.05) in case of comparison of multiple treatments.
Two treatments were compared using a Mann–Whitney U test. All results were expressed
as means ± Standard Error (SE).
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3. Results

3.1. Effect of Biostimulants under Deficit Irrigation in 2019
3.1.1. Effect of Deficit Irrigation

Deficit irrigation had a significant effect on most of the soil- and plant-related param-
eters determined during the first experiment (Table 3). The volumetric water content of
the substrate, measured twice weekly to evaluate the effect of reduced irrigation, was on
average 27 vol% under the standard irrigation, but was significantly lower under deficit
irrigation. When less water was available in the substrate, a significantly lower electrical
conductivity was observed. The Dualex and PolyPen RP410 were used to indirectly de-
termine the effect of reduced irrigation on pigment and secondary metabolite contents.
Chlorophyll seemed to be concentrated in the leaves of plants under deficit irrigation, as a
significantly higher chlorophyll index was measured. Furthermore, a slight but significant
increase in REIP (Red Edge Inflection Point) compared with standard irrigation was noted.
The maximum quantum efficiency (FV/FM) was measured to evaluate the effect of reduced
irrigation on photosystem 2. No significant effects were observed. To investigate the effect
of reduced irrigation on stomatal conductance, measurements with the porometer were
performed. Due to the lower substrate moisture content, a significantly lower stomatal
conductance was measured. Table 3 shows that a reduced irrigation supply also had signif-
icant effects on the morphological parameters linked to the plant growth and quality of
Hydrangea. The plants under deficit irrigation showed a higher branching degree but the
branch length was reduced by 50%. Consequently, fresh and dry weights were reduced
and these plants showed a less developed root system.

Table 3. Effect of deficit irrigation (trial 2019) on the substrate- and plant-related parameters of
Hydrangea compared with a standard irrigation treatment. The average of each parameter over the
trial is presented ± SE. Different letters (a and b) per parameter indicate a significant difference at
p ≤ 0.05.

Parameter
Standard
Irrigation

(100%)

Deficit Irrigation
(80%)

(DS Control)
Statistics

Substrate-related parameters

Volumetric moisture content [vol%] 26.6 ± 1.1 a 20.9 ± 1.2 b p = 0.0003 1

EC 3 [mS.m−1] 221.3 ± 7.1 a 178.6 ± 6.0 b p = 0.0005 1

Plant-related parameters

Chlorophyll index [-] 22.25 ± 0.50 b 25.00 ± 0.49 a p < 0.0001 1

Flavonol index [-] 0.675 ± 0.019 a 0.712 ± 0.026 a p = 0.2394 1

REIP 4 [nm] 702.8 ± 0.9 b 704.4 ± 0.8 a p = 0.0464 2

NDVI 5 [-] 0.505 ± 0.005 a 0.506 ± 0.004 a p = 0.8599 1

Ctr2 6 [-] 0.438 ± 0.006 a 0.432 ± 0.004 a p = 0.9867 2

Lic1 7 [-] 0.573 ± 0.005 a 0.576 ± 0.004 a p = 0.7523 2

ARI1 8 [-] 0.296 ± 0.012 a 0.251 ± 0.014 b p = 0.0136 1

FV/FM [-] 0.794 ± 0.003 a 0.784 ± 0.008 a p= 0.0685 1

Stomatal conductance [mmol m−2 s−1] 239.8 ± 20.2 a 132.1 ± 11.8 b p = 0.0011 2

Branch length [cm] 63.1 ± 1.5 a 31.5 ± 0.9 b p < 0.0001 2

Number of branches [-] 9.8 ± 0.6 b 11.6 ± 0.5 a p = 0.0167 1

Fresh weight [g] 89.6 ± 4.3 a 51.2 ± 2.5 b p < 0.0001 1

Dry weight [g] 29.2 ± 1.3 a 14.9 ± 0.7 b p < 0.0001 2

Water content [%] [(FW-DW)/FW × 100] 67.3 ± 0.3 b 70.7 ± 0.3 a p < 0.0001 2

Root development score [-] 3.42 ± 0.10 a 2.63 ± 0.2 b p = 0.0002 2

1 treatment effect by a two-way analysis of variance (ANOVA). 2 treatment effect by a Scheirer–Ray–Hare test.
3 Electrical conductivity. 4 Red Edge Inflection Point. 5 Normalized Difference Vegetation Index. 6 Carter Index 2.
7 Lichtenthaler Index 1. 8 Anthocyanin Reflectance Index 1.

149



Horticulturae 2023, 9, 509

3.1.2. Effect of Biostimulants

The seaweed-based biostimulants were given as foliar applications, meaning that no
influence on the volumetric substrate moisture content was expected and observed. The
biostimulants had a limited influence on the chlorophyll and secondary metabolite contents,
non-destructively determined with the Dualex and the PolyPen RP410 (Table S1). After four
weeks of deficit irrigation, treatment with E. maxima significantly increased the chlorophyll
index compared with the other biostimulant treatments but was not significantly different
from the DS Control (non-treated deficit irrigation) (+10.7%). This initial positive effect
disappeared during the growing season. One-time differences were also recorded for
other spectral indices determined with the PolyPen RP410. After four weeks of deficit
irrigation, a significantly different ARI1 index (Anthocyanin Reflectance Index 1) was
observed between treatment with S. chordalis and E. maxima, where the last treatment
had a 27.5% higher index. At the end of the trial, in September, differences in the Ctr2
index (Carter Index 2) and the REIP were observed between treatment with A. nodosum
and treatment with E. maxima. Differences in the Lic1 index (Lichtenthaler Index 1) were
observed between treatment with A. nodosum (+12.4%) and S. chordalis. Although these
effects were not different from the DS Control. Stomatal closure is an adaptation response to
drought stress. The commercial biostimulant A. nodosum tended to increase on average the
stomatal conductance (147.4 mmol m−2 s−1 ± 12.0, +11.6%) compared with the DS Control
(132.1 mmol m−2 s−1 ± 11.9), but this effect was not significant. The other biostimulants
resulted on average in a slightly lower stomatal conductance, but again the differences
were not significant (Table S2).

Figure 1 shows that the tested biostimulants did affect the morphological and plant
quality parameters at the end of the trial. The A. nodosum treatment significantly increased
the branch length by +27.9% but not the number of branches compared with the DS Control.
The fresh and dry weights, as well as the root development, tended to increase for the
plants treated with A. nodosum compared with the DS Control, though these effects were not
significant. The water content was significantly lower for the plants treated with A. nodosum
in comparison with the DS Control (−4.2%). The other tested biostimulants did not affect
any of these parameters compared with the DS Control.

3.2. Effect of Biostimulants under Repeated Drying and Wetting Cycles in 2021

In the second trial, irrigation was turned off three times during a hot period in June,
July, and August, resulting in a substantial decrease in the volumetric moisture content of
the substrate from ±60 vol% to 25 vol% or lower during the following days, daily measured
with the WET-sensor. When visible wilting started in the youngest leaves, irrigation was
turned on again so plants could recover (Figure 2). Biostimulants were sprayed on the
leaves, so no effects of the biostimulants on the volumetric moisture content of the substrate
were expected.

Few differences between irrigation and biostimulant treatments were detected in
pigment and secondary metabolite contents during both measured drying cycles (Table S3).
Water shortage significantly increased the chlorophyll index in the leaves compared with
the no-stress treatment. The largest difference in chlorophyll index, determined with the
Dualex, between the No stress Control treatment (24.07 ± 0.42) and the DS Control (29.84 ±
0.50; +24%) was observed at the end of the drying period. Furthermore, the stressed plants
treated with biostimulants showed a significantly increased chlorophyll index compared
with the No stress Control treatment; the effect of A. nodosum was less. Before the start of
the first drying cycle, E. maxima resulted in a significant decrease in the flavonol index by
13.3% compared with the DS Control and a 15% decrease compared with the treatment
with the S. latissima extract. During the drying period and after recovery, no differences in
indices between treatments were observed. During the third drying cycle, there were also
no effects of drought stress nor biostimulant treatment on the flavonol index, NDVI, Ctr2,
Lic1, and REIP.
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Figure 1. Effect of seaweed-based biostimulants on morphological parameters of Hydrangea paniculata
under deficit irrigation (DS) (DS Control = non-treated deficit irrigation). (i) number of branches,
(ii) length of the longest branch, (iii) root development score, (iv) fresh and (v) dry weight, (vi) plant
water content. Fresh weight and water content were analyzed by a two-way ANOVA and a Tukey
HSD test, the other parameters by a Scheirer–Ray–Hare test followed by a Dunn’s test. Different
letters (a and b) per parameter indicate a significant difference at p ≤ 0.05 (Mean ± SE, n = 24).

Figure 2. Effect of the drying cycles (DS Control) on the volumetric moisture content of the substrate of
Hydrangea compared with optimal irrigation conditions (No stress Control). (i) first cycle: 23 June 2021–
1 July 2021, (ii) third cycle: 19–25 August 2021. Highlighted dates indicate stress period. Treatments
at 29 June 21, 1 July 2021, 5 July 2021, 19 August 2021, and 20 August 2021 were compared by a
two-way ANOVA. Results on the other measurement days were analyzed by a Scheirer–Ray–Hare
test. Different letters (a and b) between the treatments per measurement day indicate a significant
difference at p ≤ 0.05 (Mean ± SE, n_cycle1 = 8, n_cycle3 = 16).

The effect of the drying cycles and the decreasing volumetric moisture content of the
substrate was also reflected in the stomatal conductance of Hydrangea leaves measured
with the porometer. The results in Figure 3 show that, in both measured periods, there
was a significant reduction in stomatal conductance during the drying cycle compared
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with the continuously well-irrigated treatment, starting from a substrate moisture content
below 25 vol%. Furthermore, the influence of the biostimulants on the stomatal closure
was investigated. Before the first irrigation stop (23 June 2021), the plants treated with
Previsan S already had a significantly lower stomatal conductance compared with the
DS Control and the plants treated with E. maxima. This difference disappeared during
the drying period. Treatment with E. maxima tended to increase stomatal conductance
during drought but this effect was not significant and also not present during the third
drying cycle. Plants treated with the S. latissima extract had a significantly lower stomatal
conductance compared with the No stress Control treatment. During the third drying
cycle, no significant effects of the biostimulants on the decreasing stomatal conductance
were observed.

Figure 3. Effect of drying cycles without (DS Control) and with biostimulant treatments on the stom-
atal conductance of Hydrangea, compared with optimal irrigation (No stress Control). Highlighted
dates indicate stress period. Data were analyzed by a two-way ANOVA followed by a Tukey HSD
test, except for data on 23 June 2021, 24 August 2021, and 25 May 2021. These results were analyzed
by a Scheirer–Ray–Hare test followed by a Dunn’s test. Different letters (a and b) per measurement
day indicate significant differences at p ≤ 0.05 (Mean ± SE, n = 16).

The diel variations in the stem thickness of the control plants and the biostimulant-
treated plants were measured continuously with LVDT (linear variable displacement
transducer) sensors during the third drying cycle (Figure 4). It was mainly stem diameter
shrinkage that showed the effects of drought stress on the plants. The No stress Control
had a uniform and expected shrinkage over the consecutive days as these plants did not
suffer from water shortage. From 23 August onwards, the stem shrinkage of plants without
irrigation started to increase, which is one day before stomata started to close. At the time
the stomata were almost closed at 18 vol% moisture content in the substrate (25 August
2021), the stem shrinkage was the largest. Plants treated with the biostimulant A. nodosum
appeared to reduce stem shrinkage, whereas treatment with Previsan S increased it. No
significant differences were calculated, as the number of repetitions for some treatments
was too limited. These effects on stem thickness, induced by A. nodosum and Previsan S,
were not observed on stomatal conductivity measurements.
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Figure 4. Effects of repeated drying cycles without (DS Control) and with biostimulant treatments
on the daily stem shrinkage of Hydrangea before, during, and after the third drying cycle compared
with optimal irrigation (No stress Control). Highlighted dates indicate stress period. (Mean ± SD
(Standard Deviation)); n_No stress Control = 3, n_DS Control = 3, n_DS A. nodosum extract = 1, n_DS E.
maxima extract = 2, n_DS Previsan S = 2).

At the end of the trial, the effects of repeated drying and wetting cycles and the
biostimulant treatments on plant quality traits were evaluated. Figure 5 shows that the
drying cycles with or without the application of biostimulants decreased the number
of branches, but this was only significant for E. maxima. The repeated drying cycles
with or without biostimulants significantly reduced branch length by 8.1% on average,
though this was less pronounced for treatment with E. maxima (−5.5%). Water shortage
negatively influenced root development compared with the No stress Control treatment.
Here, the A. nodosum and E. maxima treatments improved the root development under
stress conditions, up to the same root score as the No stress Control treatment. The lowest
root score was obtained for the Previsan S treatment. The fresh and dry weight of the
above-ground biomass decreased considerably due to the drying cycles by 24.7% and 24.2%,
on average. Biostimulants had no additional effect.

At the end of the trial, the number of inflorescences was also counted. Each inflores-
cence was divided into five inflorescence development stages. Hydrangea paniculata has
terminal inflorescences, so the number of branches had a strong influence on their total
number. Again, treatment with E. maxima resulted in significantly fewer inflorescences,
as this treatment also resulted in fewer branches (Figure 5). The drying cycles did not
accelerate flowering; the DS Control had even more inflorescences in the first development
stage compared with the No stress Control. Treatment with biostimulants affected the
development of the inflorescences. A. nodosum, S. latissima extract, and Previsan S showed
a more advanced development with fewer inflorescences in the first developmental stage
(score 1) compared with the DS Control. This effect was most pronounced for A. nodosum
with significantly more fully developed inflorescences (score 5) compared with all other
treatments (Figure 6).
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Figure 5. Effects of repeated drying cycles without (DS Control) and with biostimulants on plant
quality traits compared with optimal irrigation (No stress Control): (i) number of branches, (ii) length
of the longest branch, (iii) root development score, (iv) fresh and (v) dry weight, and (vi) total number
of inflorescences. Results of branch length and dry weight were analyzed by a two-way ANOVA
followed by a Tukey HSD test. Other results were analyzed by a Scheirer–Ray–Hare test combined
with a Dunn’s test. Different letters (a, b and c) per parameter indicate a significant difference at
p ≤ 0.05 (Mean ± SE; n = 56).

Figure 6. Effect of the drying cycles without (DS Control) and with biostimulants treatments on
flower development of Hydrangea paniculata compared with optimal irrigation (No stress Control).
Development of inflorescences was assessed using a 1–5 scoring system (1—closed bud; 2—first
elongation of the inflorescence with flower clusters still together; 3—second elongation of the inflores-
cence with the extension of the green flower clusters; 4—flowers open but still green; 5—whitening of
the flower). Differences in treatments on flower development were evaluated by a Scheirer–Ray–Hare
test, followed by a post hoc Dunn’s test. Different letters (a, b, c, and d) indicate a significant difference
(n = 56).
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4. Discussion

4.1. Effect of Deficit Irrigation and Repeated Drying Cycles on Hydrangea

Both deficit irrigation and repeated drying cycles significantly reduced the volumetric
moisture content of the substrate compared with the well-watered (no stress) controls.
This was accompanied by a significantly higher chlorophyll index measured in the plants
under deficit irrigation compared with the standard irrigation. Furthermore, the REIP
(red edge inflection point) shifted to higher wavelengths indicating a higher chlorophyll
content [34]. The chlorophyll seemed to be more concentrated due to a lower leaf water
content. Marenco et al. (2009) and Martínez and Guiamet (2004) also found a negative
correlation between the leaf water content and the chlorophyll content measured with the
SPAD-meter in different Amazonian tree species, wheat, and maize [35,36]. The production
of secondary metabolites, especially phenylpropanoids such as flavonoids and flavonols, is
induced by various biotic and abiotic environmental stresses [37]. Furthermore, oxidative
and drought stress induced the increased the production of these secondary metabolites,
including flavonols and anthocyanins, to mitigate the effects of stress with their strong
radical scavenging activity [38,39]. In this research, no increased flavonol or anthocyanin
content, determined by the optical sensors, was observed under reduced irrigation.

Moreover, no effect of reduced irrigation on maximal photochemical yields was ob-
served. The photosynthetic system appears to remain intact above certain drought stress
levels. Several studies reviewed by Flexas et al. (2004) show that the FV/FM-ratio remained
constant as long as the stomatal conductance remained above 50 mmol m−2 s−1, the gen-
eral threshold for severe drought stress in C3 plants. However, the FV/FM-ratio abruptly
decreased at lower stomatal conductance, indicating a down-regulation of the entire pho-
tosynthetic metabolism at this stress level [40,41]. In the research of Liu et al. (2010) on
different woody ornamental species, the same pattern was observed during repeated cycles
of drying and rewetting [42].

This reduced irrigation went along with a lower stomatal conductance. From the
moment the volumetric moisture content fell below 25 vol%, plants responded to the water
deficit by closing their stomata. Turner (1991) also observed stomatal response only from
the moment a certain threshold of soil water content was exceeded [43]. The moment the
moisture content was about 20 vol%, stomata were almost closed compared with the well-
irrigated treatment. In Hydrangea paniculata and Petunia x hybrida, grown in another type
of substrate, stomatal conductance was still between 300–500 mmol m−2 s−1 at a moisture
content of 20–35 vol% [44,45]. The stomata of Petunia x hybrida almost closed when the plant
experienced severe drought (moisture content around 10 vol%) [45]. Flexas and Medrano
(2002) [40,46] defined four different phases of drought based on the daily maximum stom-
atal conductance (gs) of different C3 crops (mild drought stress: gs > 150 mmol m−2 s−1;
moderate drought: 150 mmol m−2 s−1 > gs > 100 mmol m−2 s−1; severe drought: 100 mmol
m−2 s−1 > gs > 50 mmol m−2 s−1; very severe drought: gs < 50 mmol m−2 s−1). According
to their definition, Hydrangea plants under deficit irrigation (experiment one) already experi-
enced moderate drought stress while the standard irrigation was under mild drought stress
because an average volumetric substrate moisture content of 26 vol% is rather low [45].
This low substrate moisture content, despite a standard irrigation scheme, can be explained
by the overhead irrigation leading to an umbrella effect due to the plants’ foliage preventing
the irrigation water to reach the substrate. This can be prevented by drip irrigation, used
in the second experiment. Here, in the last drying cycle (August 2021), the plants were
subjected to severe drought stress. In general, stomatal conductance measured at midday
during the first drying cycle in 2021 was half that measured during the last cycle. This first
cycle was additionally characterized by a higher light intensity and vapor pressure deficit
which explains the lower values [43,47,48].

Stem diameter variations show diel dynamics. Soon after dawn, there is a time delay
between the water lost from the plant via leaf transpiration and the water uptake by
the roots, causing plants to use water stored in their internal stem reserves, resulting in
stem diameter shrinkage. Shortly after noon, the sap flow reaches its daily maximum,
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and the stem shrinks rapidly. In the afternoon, the sap flow and stem shrinkage both
decrease. During the night, when sap flow is the lowest, internal water storage pools are
replenished and the stem will swell [49]. When plants are depleted of water and there is
not enough water available in the soil/substrate to respond to the evaporative demand of
the atmosphere, the maximum daily stem shrinkage increases [49,50]. This pattern is also
observed in Hydrangea.

Both deficit irrigation and repeated drying cycles reduced the biomass production and
branch length of the hydrangeas in this study. Furthermore, in a study by Cameron et al.
(2006), the vegetative growth of different woody ornamental species, e.g., Forsythia, Cotinus
was reduced under deficit irrigation while the effect on Hydrangea macrophylla at the end of
the season was limited. Reduced growth can be a favorable effect for ornamental plants
because the combination of shorter shoot lengths/shorter internodes improves compact-
ness and reduces the need for mid-season pruning to become a compact, well-branched
plant [51]. In our experiment with deficit irrigation, a significantly higher branching rate
was observed in the stressed plants. This was not the case when the hydrangeas were grown
under repeated drying and rewetting cycles. Cameron et al. (2006, 2008) also observed
no effect of deficit irrigation on the number of shoots and number of formative primary
shoots [51,52]. Induced flowering can be a response in many plant species to stressors such
as drought, poor nutrition, and light quality. This response is biologically advantageous,
especially in plants that produce fertile seeds [53]. For Hydrangea, no significant effect of the
repeated drying and rewetting cycles on the number of inflorescences was observed, nor
on inflorescence development with a higher percentage of inflorescences in a less advanced
stage compared with well-irrigated plants. Also found in Forsythia, Cotinus, and Hydrangea
macrophylla, the flower number per node was unaffected by the deficit irrigation [51].

4.2. Effects of Biostimulants on Hydrangea Grown under Deficit Irrigation or Repeated
Drying Cycles

The betaines in seaweed extracts enhance the leaf chlorophyll content [15], which
could be due to a reduction in chlorophyll degradation [11]. In grapevine, the negative
effect of drought stress on the chlorophyll content was lower in plants treated with the
different types of biostimulants compared with the untreated control plants grown under
the same stress conditions [54]. In our study, chlorophyll did not appear to be degraded by
the presence of drought. On the contrary, deficit irrigation increased the chlorophyll index
and REIP (Red Edge Inflection Point) compared with the well-watered No stress Controls.
The tested biostimulants did not provide any added value to the deficit irrigation. Seaweed
extracts have been reported to increase important bioactive molecular concentrations
such as phenolics, flavonoids, and anthocyanins in several crops, such as vegetables
and grapevine grown under both optimal and stressed conditions [54–57]. Moreover, in
Calibrachoa under optimal conditions, increases in phenolic and flavonol contents were
found following treatment with a seaweed extract [58]. In this study on Hydrangea paniculata
under drought, no increase in flavonoid or anthocyanin content, determined by optical
sensors, was observed by any of the biostimulants. FV/FM was not affected by the deficit
irrigation, and biostimulants did not affect this parameter. This was also the case for the
treatment of spinach under drought with a seaweed-based biostimulant [59].

Stomatal closure is regulated, among other hormones and mechanisms, by the accu-
mulation of abscisic acid (ABA), which is induced under drought stress [60]. In research
on grapevine under drought stress, vines treated with different types of biostimulants,
especially a seaweed-based product, accumulated higher levels of ABA compared with the
untreated controls to reduce water loss and increase plant drought tolerance [54]. Biostimu-
lants can also act by postponing drought stress, as in the study of Campobenedetto et al.
(2021) where a seaweed-based biostimulant reduced the ABA concentration in tomato
compared with the untreated control grown under the same mild drought conditions [61].
In other vegetables, such as spinach and broccoli, the application of seaweed-based biostim-
ulants significantly increased stomatal conductance [59,62]. In contrast, the biostimulants
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in our trials had no significant effect on the stomatal conductance of Hydrangea paniculata
grown under drought conditions. The A. nodosum extract under deficit irrigation slightly
increased the stomatal conductance, but this was not linked to a better water-use efficiency
as plants had a lower water content at the end of the trial. Treatment with E. maxima also
showed some effect, but in both cases, they were not significant and not repetitive.

In this research on Hydrangea paniculata under water shortage, A. nodosum slightly
reduced stem shrinkage during drought compared with the control (DS Control), indicating
some alleviation of the imposed stress. Previsan S, on the other hand, increased the
shrinkage compared with the stressed control (DS control). Top et al. (2023) tested similar
seaweed-based products on tomato (Solanum lycopersicum) plants under deficit irrigation.
For this crop, A. nodosum showed no beneficial effect compared with the stressed control.
However, another tested Ascophyllum nodosum extract (Asco-N2) reduced stem shrinkage in
drought-treated tomato plants, similar to A. nodosum in Hydrangea, and resulted in a similar
performance and water uptake as untreated, well-watered control tomato plants [63]. These
results might indicate that A. nodosum-derived biostimulants can mitigate drought stress to
some extent.

The beneficial effects of seaweed extracts on shoot growth and yield were reported
in several studies on different crops [9,13], including several ornamentals such as Calibra-
choa, [58], rose [64], and Pelargonium [65]. The effect was mostly dependent on the dose
and application method. The tested seaweed extracts in our study had limited effects on
the morphological growth parameters and plant quality of hydrangea. Hydrangea panicu-
lata, grown under deficit irrigation and treated with A. nodosum, had significantly longer
branches and more dry weight, but this biostimulant had a rather negative effect on plant
growth under repeated drying and wetting cycles. Seaweed extracts induce early flowering
in several crops [9]. The positive effects of a seaweed extract on the flowering and fruit set
numbers of eggplant were observed in field conditions [66]. Furthermore, in research on
container-grown roses, the application of a seaweed extract increased the flowering [64].
The A. nodosum product in our research accelerated flowering, as (significantly) higher
numbers of fully developed inflorescences were counted at the end of the growing season.
The experimental product based on S. latissima and Previsan S also gave similar results.
Plants treated with E. maxima had significantly fewer branches and thus significantly fewer
inflorescences in total. This lower number of branches could be the effect of the biostimulant
or of the pruning in June.

5. Conclusions

Reduced irrigation resulted in more compact hydrangeas, but this effect is more
pronounced under continuous deficit irrigation than under repeated drying and wetting
cycles. Although plants were more compact, they also produced less biomass as stomata
closed under dry conditions and thus reduced gas exchanges, although photosystem
2 remained intact.

The tested biostimulants in this study had only limited effects on the morphological
parameters of Hydrangea paniculata, depending on the applied drought stress treatment
(deficit irrigation or repeated drying cycles). The Ascophyllum nodosum extract positively
influenced plant growth under deficit irrigation, and flowering under repeated drying
cycles. Flowering could not be assessed under deficit irrigation. This specific biostimulant
also slightly reduced stem shrinkage under drought, which might indicate better plant-
water relations. The Ecklonia maxima extract negatively influenced branching and flowering
under repeated drying and wetting cycles, but not under deficit irrigation. From this study,
it can be concluded that it is difficult to observe repeated effects under field conditions.

In general, research on biostimulants is complex, as effects seem to depend on many
factors such as plant, cultivar, application dose, and method, but also growing conditions
which fluctuate widely in the field. This latter aspect increases the challenge of determin-
ing the perfect combination between biostimulant, dose, application timing, crop, and
growing conditions.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae9040509/s1, Table S1: Effect of biostimulant treatments
on pigment reflectance indices of Hydrangea paniculata grown under deficit irrigation compared with
the untreated control (DS Control). Different letters per parameter per measurement day indicate
a significant difference at p ≤ 0.05 (Mean ± SE; n = 16), Table S2: Effect of biostimulant treatments
on stomatal conductance of Hydrangea paniculata grown under deficit irrigation compared with
the untreated control (DS Control). Different letters per parameter per measurement day indicate
a significant difference at p ≤ 0.05 (Mean ± SE; n = 16), Table S3: Effect of repeated drying and
rewetting cycles and biostimulant treatments on pigment reflectance indices of Hydrangea paniculata
(experiment 2) compared with an untreated control (DS Control) and an untreated control under
optimal irrigation (No stress Control). Different letters per parameter per measurement day indicate a
significant difference at p ≤ 0.05 (Mean ± SE; n = 16), Figure S1: Examination of the root development
of Hydrangea paniculata on a relative scale from 1 to 5 after experiment one: 1—almost no visible roots,
2—limited visible roots at the bottom, 3—well-developed roots, but not all around the pot, 4—good
root development all around the pot and 5—excellent rooting, Figure S2: Examination of the root
development of Hydrangea paniculata on a relative scale from 1 to 5 after experiment 2: 1—almost
no visible roots, 2—limited visible roots at the side, 3—limited root development at both the side
and the bottom, 4—root development all around the pot and limited at the bottom, 5—good root
development all around the pot and at the bottom. Plants were grown in bigger containers, Figure S3:
Evaluation of development of inflorescences of Hydrangea paniculata on a relative scale from 1 to 5
after experiment 2: 1—closed bud, 2—first elongation of the inflorescence with flower clusters still
together, 3—second elongation of the inflorescence with the extension of the green flower clusters,
4—flowers open but still green, 5—whitening of the flower.
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Abstract: Knowledge of genetic identity, genetic relationships, ploidy level, and chromosome num-
bers can enhance the efficiency of ornamental plant breeding programs. In the present study, genome
sizes, chromosome numbers, and genetic fingerprints were determined for a collection of 94 Ilex
accessions, including 69 I. crenata. The genome size of the entire collection ranged from 1.50 ± 0.03 to
8.01 ± 0.18. Within the species of I. crenata, genome sizes varied (mean ± sd) between 1.98 ± 0.08
and 2.30 ± 0.04, with three outliers: 3.06 ± 0.04, 4.04 ± 0.09, and 4.19 ± 0.08. The chromosome
counting results showed 2n = 40 for I. crenata accessions and confirmed the outliers as one triploid
and two tetraploids. A high intra-specific genetic diversity in Ilex crenata was found, after genetic
fingerprinting using genotyping-by-sequencing (GBS). The species I. crenata was separated into three
clades, which coincided with intraspecific differences in genome sizes (mean ± sd) of 2.09 ± 0.006,
2.07 ± 0.05, and 2.19 ± 0.06 pg/2C per clade as mean values for the diploids. Applying a principal
coordinate analysis (PCoA) to the genetic fingerprinting data of all species in the collection revealed
a wide genetic variation, which has not yet been commercially exploited. These findings could form
the basis for selectively breeding parents, in order to create more genetic diversity via intra- and
interspecific crosses.

Keywords: holly; genotyping-by-sequencing; 2C-value; chromosome number; genome size

1. Introduction

The genus Ilex belongs to the monogeneric family Aquifoleaceae and is a large dioe-
cious genus with 571 accepted species [1]. The genus can be found in regions of mesic
growing conditions around the world. While most Ilex species originate from East Asia and
South America, a multitude of species can also be found in Southeast Asia and North Amer-
ica. Only four species occur in Europe, one occurs in Africa, and another species occurs
in Northern Australia. A few species can be found in Hawaii, the Caribbean, the Canary
Islands, the Azores, Madeira, New Caledonia, and Fiji [2]. Previous phylogenetic studies
have used fossil records [2–4] and nuclear and plastid markers to unravel the evolution of
the Ilex genus, revealing a complex evolutionary history. Moreover, the taxonomy of the
genus is not yet fully resolved. There are multiple heterotypic and homotypic synonyms
within the genus, which occasionally cause confusion. For example, I. maximowicziana var.
kanehirae (Yamamoto) Yamazaki and I. crenata var. mutchagara (Makino) Hara are two names
given to the same plant [5]. The same applies to I. leucoclada (Maxim.) Makino and I. integra
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var. leucoclada Maxim. [1]. Recently, the increasing interest in the genus and decreasing
cost of DNA sequencing have led to reference genomes for I. latifolia [6], I. polyneura [4],
and I. asprella [7]. In some parts of the world, Ilex species such as I. opaca, I. vomitoria, and
I. paraguariensis are used for brewing teas, while I. asprella is used as a medicinal plant [8].
I. aquifolia (common holly, English holly, European holly, or Christmas holly) is well known
as an ornamental garden plant, with typical wintergreen branches and red berries used
as a Christmas decoration. Other hollies used for their ornamental properties include
I. polyneura and I. crenata (box-leaved holly or Japanese holly). I. crenata resembles boxwood
(Buxus L.) and is also used for hedges and topiary [9].

I. crenata originates from Japan, Korea, China, the Sakhalin Islands, the Kuril Islands,
Taiwan, the Philippines, and the Himalayas. In Japan, the species naturally grows from sea
level up to an altitude of 1000 m, with local populations exhibiting wide morphological
variation [9]. The species was introduced to the garden of the Russian Czar Alexander II in
1864 by Russian botanist Carl Maximowicz. Starting from that introduction, distribution
spread throughout Europe. In 1898, I. crenata was introduced to the United States. This
evergreen, small-leaved shrub gained popularity in the 1930s as an ornamental plant. Since
then, I. crenata has been introduced multiple times to other parts of the world, and the plant
has been extensively used for breeding [5], leading to the release of numerous new cultivars.
These cultivars were mainly lucky findings, selected based on phenotypic variation and
subsequently vegetatively propagated [9,10]. With more targeted breeding, value could
be added, by overcoming abiotic and biotic stress challenges, such as high soil pH and
infection with black root rot caused by the soil-dwelling fungus Berkeleyomyces basicola.
Knowledge about the genetic relations and variation in existing species and cultivars could
guide breeders selecting breeding parents, thus paving the way for novel or improved,
and thus commercially marketable, varieties. Moreover, knowledge of the ploidy level and
chromosome number of genotypes can help to predict cross-compatibility. The genome
sizes of I. cornuta, I. mucronata, and I. verticillata have previously been reported in the
range of 1.31 pg/2C [11] to 4.13 pg/2C [12]. The Chromosome Count Database describes
41 Ilex species ranging from 34 = 2n for I. crenata and I. leucoclada [13,14] to 120 = 2n for
I. pedunculosa [15,16]. For both I. crenata and I. leucoclada, Galle reports the chromosome
number to be 40 = 2n [9]. Darlington and Wylie mention a basic number of x = 9 or 10 [17].

Some efforts have been made to clarify the phylogeny of the different species within
the genus, but knowledge about the underlying genetic variation within the species
I. crenata is still limited.

The present study included an investigation into the genetic diversity within the
species I. crenata and a selection of other hardy Ilex species. The genetic identity of the
plants in the collection was also examined in light of their taxonomy. Naming mistakes can
occur for many reasons, including ex situ conservation over the years, selling plants under
an incorrect name for economic reasons, erroneous determinations, etc. We assembled
a collection of 94 accessions, comprising 69 accessions labeled as I. crenata and 28 acces-
sions from 17 other species. The genomic constitution was characterized at three levels:
(1) genome sizes were determined using flow cytometry, (2) the chromosome number and
ploidy level were investigated through fluorescence microscopy, and (3) genotyping-by-
sequencing (GBS) [18] was performed as a reduced-representation genome sequencing
technique, which allowed for high-resolution genetic fingerprinting using thousands of
genetic markers spread across the genome.

2. Materials and Methods

2.1. Collection of Plant Material for the Ilex Collection

A germplasm collection was compiled of 94 Ilex accessions, belonging to 18 species and
hybrids including I. x attenuata, I. aquifolium, I. x aquipernyi, I. crenata, I. glabra,
I. integra, I. leucoclada, I. macrocarpa, I. x makinoi, I. maximowicziana, I. x meserveae, I. mutchagara,
I. opaca, I. rugosa, I. serrata, I. sugerokii, I. vomitoria, and I. yunnanensis. The collection also
contains a total of 69 accessions labeled as I. crenata (Table 1). Plant material from I. crenata
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‘Fastigiata’ was sampled multiple times from independent sources. Thirteen accessions
were purchased as potted plants from Esveld Plant Garden (The Netherlands), 78 geno-
types were collected as cuttings from the arboreta of Bokrijk (Genk, Belgium) and Het Leen
(Eeklo, Belgium), and 3 genotypes were obtained as potted plants from the company Plant
Select. The plants were maintained as potted plants in a container field at ILVO (51◦00′ N,
3◦78′ E, Melle, Belgium) (Table 1).

Table 1. Overview of the Ilex collection. The table shows all the accessions and for every genotype:
the accession number used at ILVO; the species and cultivar name; the collection of origin, along
with the accession number from the arboretum; the mean genome size; and the chromosome number.
Genetically identical accessions are indicated with the same superscript letter (a–d), accessions for
which a naming problem was discovered are indicated with an asterisk.

ILVO
Accession Number

Species and Cultivar Name Collection of Origin
Arboretum

Accession Number
Mean Genome Size

(pg/2C ± sd)
Chromosome

Number

IL001 Ilex x aquipernyi Esveld 1.80 ± 0.09 40
IL002 Ilex crenata ‘Caroline Upright’ Esveld 2.11 ± 0.06
IL003 Ilex crenata ‘Convexa’ Esveld 2.13 ± 0.05
IL004 Ilex crenata ‘Dwarf Pagoda’ Esveld 2.30 ± 0.05

IL005 a Ilex crenata ‘Fastigiata’ Esveld 2.16 ± 0.02
IL006 Ilex crenata ‘Glorie Dwarf’ Esveld 1.99 ± 0.07
IL007 Ilex crenata ‘Green Hedge’ Esveld 2.10 ± 0.06
IL008 Ilex crenata ‘Green Lustre’ Esveld 2.02 ± 0.14
IL009 Ilex crenata ‘Microphylla’ Esveld 2.16 ± 0.05
IL010 Ilex crenata ‘Stokes’ Esveld 2.10 ± 0.04
IL011 Ilex crenata ‘Twiggy’ Esveld 2.13 ± 0.08
IL012 Ilex glabra Esveld 1.52 ± 0.05 40

IL013 b,* Ilex maximowicziana var. kanehirae Esveld 2.14 ± 0.09 40
IL014 c Ilex crenata ‘Dark Green’ Plant Select 2.18 ± 0.05
IL015 b Ilex crenata ‘Blondie’ Plant Select 2.30 ± 0.04
IL016 Ilex crenata ‘Braddock Heights’ Het Leen 00004670 1.98 ± 0.08 40
IL017 Ilex crenata ‘Cherokee’ Het Leen 00004020 4.19 ± 0.08 80
IL018 Ilex crenata ‘Convexa Gold’ Het Leen 00004672 2.05 ± 0.06
IL019 Ilex crenata ‘Ellipta Gold’ Het Leen 00004017 2.25 ± 0.04
IL020 Ilex crenata ‘Erecta’ Het Leen 00004021 2.12 ± 0.09

IL021 a Ilex crenata ‘Fastigiata’ Het Leen 00001571 2.09 ± 0.04 40
IL022 a Ilex crenata ‘Fastigiata’ Het Leen 00001904 2.05 ± 0.04
IL023 Ilex crenata ‘Golden Gem’ Het Leen 00001905 2.08 ± 0.08 40

IL024 d Ilex crenata ‘Golden Helleri’ Het Leen 00004014 2.09 ± 0.05
IL025 Ilex crenata ‘Green Dragon’ Het Leen 00004013 2.13 ± 0.07
IL026 Ilex crenata ‘Green Island’ Het Leen 00004090 2.12 ± 0.06
IL027 Ilex crenata ‘Hetzii’ Het Leen 00004022 1.99 ± 0.05 40
IL028 Ilex crenata ‘Ivory Tower’ Het Leen 00004673 2.08 ± 0.05

IL029 d Ilex crenata ‘Lancaster Yellow’ Het Leen 00004024 2.03 ± 0.07
IL030 Ilex crenata ‘Luteovariegata’ Het Leen 00005561 2.09 ± 0.05
IL031 Ilex crenata ‘Mariesii’ Het Leen 00004010 2.22 ± 0.05
IL032 Ilex crenata ‘Nakada’ Het Leen 00004016 2.23 ± 0.03
IL033 Ilex crenata ‘Picas’ Het Leen 00004091 2.09 ± 0.06
IL034 Ilex crenata ‘Piccolo’ Het Leen 00004004 2.13 ± 0.06
IL035 Ilex crenata ‘Pride’s Tiny’ Het Leen 00004023 1.98 ± 0.06 40
IL036 Ilex crenata ‘Red Lion’ Het Leen 00004018 2.22 ± 0.03
IL037 Ilex crenata ‘Robert Culpepper’ Het Leen 00004011 2.04 ± 0.03
IL038 Ilex crenata ‘Rotundifolia’ Het Leen 00004671 2.03 ± 0.05
IL039 Ilex crenata ‘Snowflakes’ Het Leen 00004669 2.25 ± 0.06
IL040 Ilex crenata ‘Tee Dee’ Het Leen 00004025 2.26 ± 0.05
IL042 Ilex crenata f. watanabeata Het Leen 00005253 2.04 ± 0.04
IL043 Ilex crenata ‘Wiesmoor Silber’ Het Leen 00004012 2.09 ± 0.07
IL044 Ilex crenata ‘Yunnanensis’ Het Leen 00004019 2.18 ± 0.09
IL045 Ilex x aquipernyi Het Leen 00005002 1.78 ± 0.04
IL046 Ilex x meserveae ‘Blue Girl’ Het Leen 00001829 1.93 ± 0.02 40

IL047 b,* Ilex mutchagara Makinoi Het Leen 00001901 2.17 ± 0.06
IL048 b,* Ilex yunnanensis Het Leen 00004449 2.20 ± 0.03

IL049 Ilex aquifolium ‘Angustifolia’ Het Leen 00001859 1.85 ± 0.04
IL050 Ilex aquifolium ‘Crispa’ Het Leen 00001873 1.90 ± 0.07

IL051 c Ilex x makinoi Hara Het Leen 00004998 2.00 ± 0.06 40
IL052 Ilex x attenuata ‘Foster’ Het Leen 00004994 1.89 ± 0.05
IL053 Ilex opaca ‘Longwood Gardens’ Het Leen 00004993
IL055 Ilex crenata ‘Black Beauty’ Bokrijk 19991318 3.06 ± 0.04 60
IL056 Ilex crenata ‘Border Gem’ Bokrijk 19991317 2.07 ± 0.09
IL059 Ilex crenata ‘Cape Fear’ Bokrijk 19991320 2.09 ± 0.05
IL060 Ilex crenata ‘Chesapeake’ Bokrijk 19900267 4.04 ± 0.09 80
IL061 Ilex crenata ‘Cole’s Hardy’ Bokrijk 1983ACQI175 2.14 ± 0.08

IL062 a Ilex crenata ‘Fastigiata’ Bokrijk 19900529 2.16 ± 0.08
IL063 Ilex crenata ‘Goldstaub’ Bokrijk 19940813 2.16 ± 0.08
IL065 Ilex crenata ‘Hatfieldii’ Bokrijk 19950491 2.06 ± 0.10
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Table 1. Cont.

ILVO
Accession Number

Species and Cultivar Name Collection of Origin
Arboretum

Accession Number
Mean Genome Size

(pg/2C ± sd)
Chromosome

Number

IL066 Ilex crenata ‘Helleri’ Bokrijk 19940347 2.25 ± 0.05
IL067 Ilex crenata ‘Highlander’ Bokrijk 19950296 2.12 ± 0.07
IL069 Ilex crenata ‘Horizontalis’ Bokrijk 19910107 2.18 ± 0.08
IL070 Ilex crenata ‘Ivory Hall’ Bokrijk 19991306 2.09 ± 0.08 40
IL071 Ilex crenata ‘Kingsville Dwarf’ Bokrijk 19940329 2.29 ± 0.08
IL072 Ilex crenata ‘Midas Touch’ Bokrijk 19900222 2.13 ± 0.07
IL073 Ilex crenata ‘Monmouth’ Bokrijk 19950499 2.18 ± 0.06
IL075 Ilex crenata ‘Oleafera’ Bokrijk 19980688 2.04 ± 0.06
IL076 Ilex crenata var. paludosa Bokrijk 19991354 2.05 ± 0.10 40
IL077 Ilex crenata ‘Piedmont Pyramidal’ Bokrijk 19900271 2.16 ± 0.03
IL078 Ilex crenata ‘Schwoebel’s Compact’ Bokrijk 19950345 2.15 ± 0.03
IL079 Ilex crenata ‘Sentinel’ Bokrijk 1988ACQI162 2.01 ± 0.09

IL082 a Ilex crenata ‘Sky Pencil’ Bokrijk 20040562 2.15 ± 0.07
IL084 Ilex crenata ‘Tennyson’ Bokrijk 19900395 2.28 ± 0.06
IL086 Ilex crenata ‘Valeria Rankin’ Bokrijk 19900274 2.08 ± 0.11
IL087 Ilex crenata ‘Variegata’ Bokrijk 19980670 2.22 ± 0.04
IL088 Ilex crenata ‘Fructu Lutea’ Bokrijk 19890583 2.01 ± 0.07
IL094 Ilex vomitoria ‘Folsom Weeping’ Bokrijk 20200779 1.57 ± 0.10
IL095 Ilex vomitoria ‘Hoskins shadow’ Bokrijk 20110310 1.58 ± 0.06
IL096 Ilex sugerokii Bokrijk 19980060 1.78 ± 0.07
IL097 Ilex sugerokii var. longipedunculata Bokrijk 19900505 1.75 ± 0.02
IL098 Ilex rugosa Bokrijk 20070853 1.97 ± 0.04 40
IL099 Ilex leucoclada Bokrijk 20020979 2.00 ± 0.05 40
IL100 Ilex opaca Bokrijk 19940225 1.94 ± 0.02
IL101 Ilex serrata ‘Rakusogu’ Bokrijk 0000ACQI10 1.86 ± 0.07
IL102 Ilex integra Bokrijk 20120839 1.81 ± 0.04
IL103 Ilex macrocarpa Bokrijk 19960445
IL104 Ilex yunnanensis var. gentilis Bokrijk 00004515 8.01 ± 0.18 160
IL105 Ilex crenata ‘Jeran’ (Bokrijk select) Bokrijk 20140097 2.15 ± 0.07
IL106 Ilex crenata ‘Convexa Variegata’ Bokrijk 19900459 2.17 ± 0.05
IL107 Ilex crenata ‘Nummularia’ Bokrijk 19991312 2.23 ± 0.08 40
IL108 Ilex vomitoria ‘Will Fleming’ Bokrijk 20080892 1.50 ± 0.03
IL121 Ilex leucoclada seedling Bokrijk
IL122 Ilex crenata ‘Luxus’ Plant Select 2.15 ± 0.08

2.2. Genome Size of the Collected Ilex Accessions

The genome size of 91 accessions in the collection was measured using flow cytometry
(Table 1), according to the methods described by Van Oost et al. 2021 [19]. Four accessions
did not develop rooted cuttings and could not be used. The genome size is expressed as
pg/2C. Terminology used is according to Greilhuber et al. [20]. All samples were analyzed
using a Quantum P flow cytometer and CyPAD software (Quantum Analysis, Münster,
Germany). For all genotypes, except IL104, the internal standard used was Zea mays, with
a known genome size of 5.43 pg/2C [21]. Pisum sativum (9.09 pg/2C [22]) was used as
an internal standard for IL104, because of its deviant genome size. Young leaf material of
the sample and standard was mixed, co-chopped, and used for sample preparation with a
CyStain PI kit (Sysmex, Münster, Germany), according to the manufacturer’s protocol with
minor modifications: using 0.4 mL extraction buffer, and 1.2 mL staining buffer, to which 1%
(w/w) PVP10 was added. The stained samples were incubated in the dark at 4 ◦C for at least
20 min. At least three replicates were analyzed for every genotype, preferably from three
plants of this genotype and on three different days. The sample genome size was derived
by calculating the ratio of the peak positions of the sample and internal standard in the
histograms of both the FL2 and FL3 detectors. Mean values and standard deviations of the
sample genome size were calculated as the mean of a minimum of six values, specifically
the peak position ratio of both detectors for at least three replicates.

2.3. Chromosome Number of the Collected Ilex Accessions

Based on the flow cytometry results, a subset of 17 I. crenata genotypes (Table 1),
covering the full range of genome sizes, was selected to count the chromosomes. The
chromosomes of the following species were also counted: I. x aquipernyi (IL001), I. glabra
(IL012), I. maximowicziana var. kanehirae (IL013), I. x meserveae (IL046), I. x makinoi (IL051),
I. rugosa (IL098), and I. leucoclada (IL099) (Table 1). Young root tips of newly rooted cuttings
were harvested and incubated in 0.1% colchicine for 3 h at room temperature, to arrest
mitosis at the metaphase stage. Subsequently, the root tips were fixed in 3:1 ethanol:acetic
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acid for 1 h at room temperature. Cell suspensions were made by digesting the root tips
in 0.6% enzyme solution (0.6% cellulase, 0.6% pectolyase, and 0.6% cytohelicase in 0.1 M
citrate buffer (0.1 M sodium citrate tribasic dehydrate, and 0.1 M citric acid)) at 37 ◦C
for 45 min. Chromosome slides were prepared using the SteamDrop protocol [23], using
1:1 ethanol:acetic acid solution for both fixation steps. Subsequently, the chromosome
slides were stained with 1% DAPI (100 g/mL) diluted in Vectashield mounting medium
and analyzed with a fluorescence microscope (AxioImager M2, Carl Zeiss MicroImaging,
Belgium) at 1000× magnification. Images were captured using an Axiocam MRm camera
and ZEN software (Carl Zeiss MicroImaging, Belgium). Chromosomes were counted on at
least five images of well-spread metaphase chromosomes per genotype using DRAWID
v0.26 [24].

2.4. GBS Fingerprinting of the ILEX Collection
2.4.1. Library Preparation and Sequencing

DNA was extracted from all genotypes of the collection using a modified CTAB
protocol [25]. Preparation of genotyping-by-sequencing (GBS) libraries and sequencing
was performed by LGC Genomics (Berlin, Germany), using the following steps: (1) quality
control (agarose gel check); (2) library preparation, including indexing and quality control
using a double digest with PstI and MseI; and (3) PE-150 sequencing using an Illumina
NextSeq 500/550 instrument.

2.4.2. GBS Data Analysis

All data analysis steps described below are also available, together with accompanying
scripts, on https://gitlab.com/ilvo/GBS_Ilex (accessed on 25 May 2021) and on Zenodo
with doi 10.5281/zenodo.7669149 under an MIT license.

Data preprocessing. The obtained GBS reads were processed using GBprocesS v3.0.3 [26].
This software makes use of Cutadapt [27] and PEAR [28], and comprises the following
steps: (1) trimming of adapters, barcodes, restriction site remnants from 5′- and 3′-ends,
and discarding reads that are shorter than 30 bp using Cutadapt; (2) merging of forward
and reverse reads with a minimum overlap of 10 bp and a minimal final size of 40 bp with
PEAR [28]; (3) filtering of reads that have a mean Phred quality score lower than 25 or two
consecutive bases with a Phred quality score below 20 and discarding reads containing Ns;
and (4) filtering of reads with intact internal restriction enzyme recognition sites (due to
partial restriction digest). The raw PE-150 read data, as well as the merged preprocessed
read data, were submitted to NCBI’s Sequence Read Archive (SRA) under the BioProject
number PRJNA895194.

Loci identification. Data were analyzed reference-free, using GIbPSs software [29].
Unless mentioned otherwise, standard settings were used and the recommended workflow
of GIbPSs was followed. More detailed information can be found in the accompanying
software repository, as mentioned above. Briefly, loci were identified in all merged reads
using indloc, poploc, and indpoploc, and errors were corrected using indloc. Loci of lengths
between 32 and 300 bp were selected using data selector. Loci containing indels were
detected using indelchecker and discarded. Loci that were extremely deeply sequenced
were identified using depth analyzer and discarded. The minimum value for the median
depth percentage and the maximum value for the median scaled depth were set to 1 and
0.15, respectively. Additionally, split loci were removed from the dataset. Finally, a GIbPSs
genotype call table was exported, containing the locus genetic information for all samples.

Determination of common loci and allele similarity. All samples were compared to
each other using a custom python script available in the script repository [30], which uses
the GIbPSs genotype call table as input. This script calculates (1) the number of loci per
sample; (2) the number of common loci between every pair of samples and; (3) the allele
similarity of the common loci of every pair of samples. The allele similarity is defined as the
percentage of common loci that share at least one allele. An allele similarity of 100% means
that all common loci have at least one shared allele (=a locus sequence with a combination
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of SNPs) (see Supplementary Materials). The results are represented in a false-colored
similarity matrix, displaying the total number of loci for every genotype on the diagonal,
the number of loci in common between two genotypes in the upper half of the matrix, and
the allele similarity in the lower half of the matrix.

Concatenated alignment and phylogeny. Using a custom perl script available in
the script repository, all SNP-containing loci from the GIbPSs genotype call table were
concatenated and saved as an alignment file. In addition, a text file that kept track of the
original locus (and positions in that locus) in the concatenated alignment was saved. Next,
again using a custom perl script, positions where more than 20% of the samples contained
missing data were filtered out. Invariant positions were removed using the ‘ascbias.py’
script (available at https://github.com/btmartin721/raxml_ascbias) (accessed on 25 May
2021). The resulting filtered concatenated alignment was used for (1) principal coordinate
analysis (PCoA); and (2) phylogenetic tree construction. The PCoA was performed by
reading the multiple alignments in R v4.2.2 in R Studio Server v2022.07.2 build576, using
the Biostrings package. Next, the pairwise distance between all individuals was calculated
using the Hamming distance (Decipher package), while ignoring gap–letter matches and
performing the PCoA using the ‘cmdscale’ function (stats package). The R scripts are
available in the script repository. This analysis was performed for the entire collection
of 94 individuals and two technical replicates, as well as for the 69 individuals in the
I. crenata group only and one technical replicate. A phylogenetic tree was constructed
containing the collection of all 94 individuals using the maximum likelihood method
with RAXML v8.2.12, including a GTRCAT model without rate heterogeneity (-V), with
ascertainment bias correction (–asc-corr=lewis), and including 100 bootstraps. I. vomitoria
‘Hoskins Shadow’ (IL095) was used as an outgroup. The tree was then visualized using
iTOL v6 [31].

3. Results and Discussion

This study explored the genetic diversity within the genus of Ilex, more specifically
within the species I. crenata. We assembled a large collection of 94 Ilex accessions from
arboreta and commercial growers, 69 of which were labeled I. crenata, as well as three
others with other names that were genetically identical to I. crenata. For the accessions in
this collection, we delineated the genetic identity, investigated the genetic relationships,
and studied the genetic diversity between the accessions of the collection.

3.1. Genetic Identity

GBS was performed on all 94 accessions of the Ilex collection. The number of prepro-
cessed merged reads per sample (see Materials and Methods above) ranged from 1.8 M
to 8.4 M, with a median of 3.6 M. Reference-free locus delineation was performed using
GIbPSs and resulted in a total of 218,024 loci for all samples combined. Rarefaction analysis
of a few selected samples revealed that the number of identified loci using GIbPSs reached
a plateau at ca. 3–4 M reads, suggesting that most of the samples had been sequenced
deep enough to reach locus saturation (data not shown). The number of identified loci per
sample ranged from 9513 to 53,403, with a mean of 18,079. These loci had a mean length of
184 bp (range 40 to 270 bp), a mean read depth of 57, and a median read depth of 20. In
total, 70% of the loci had a mean read depth per sample of at least 15. The GBS loci were
compared between samples in a pairwise manner to estimate the number of common loci
and the fraction of loci with shared alleles (for definitions of ‘common loci’ and ‘allele simi-
larity’, see Materials and Methods and [30]). The heat map (Figure S1) shows clear clusters,
indicating the genetic substructure in the Ilex collection. The lowest number of common loci
between species was 2880 for I. crenata ‘Luxus’ (IL122) and I. macrocarpa (IL103); the highest
number was 11,249 for I. crenata ‘Pride’s Tiny’ (IL035) and I. sugerokii var. longipedunculata
(IL097). Within the species I. crenata, the lowest number of common loci between two
accessions was 6340 for I. crenata ‘Luxus’ (IL122) and I. crenata ‘Nummularia’ (IL107); the
highest was 15,219 for I. crenata ‘Braddock Heights’ (IL016) and I. crenata ‘Pride’s Tiny’
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(IL035). The lowest allele similarity between species was 8.85% between I. macrocaropa
(IL103) and I. vomitoria ‘Will Fleming’ (IL108); the highest allele similarity between species
was 60.25% for I. opaca (IL100) and I. integra (IL102).

Next, we analyzed the allele similarity of replicates, to set a threshold for identifying
genetically identical accessions across the Ilex collection. For two accessions (IL014 and
IL051), we used two technical replicates to analyze the reproducibility of GBS fingerprinting.
The total number of loci of I. crenata ‘Dark Green’ (IL014) replicates was similar (11,312
and 11,945), with 10,335 loci in common. Likewise, technical replicates of I. x makinoi
‘Hara’ (IL051) had 16,716 and 19,756 loci, with 15,195 loci in common. The allele similarity
between these technical replicates was 99.88% and 99.77% for IL014 and IL051, respectively.
Furthermore, we collected I. crenata ‘Fastigiata’, a common cultivar, from four sources as
‘biological’ replicates (IL005, IL021, IL022 and, IL062). As expected, this group of Fastigiata
accessions displayed high allele similarities, ranging from 98.13% to 99.68%. Taken together,
these results showed that the allele similarity method for pairwise comparison based on
GBS genetic fingerprints was especially accurate. The number of common loci was less
reliable for identifying similar genotypes, which was probably due to datasets that were not
completely saturated. Consequently, we used a 98% threshold of minimal allele similarity
to consider GBS genetic fingerprints as identical (=the same cultivar) and screened the
Ilex collection for genetically identical accessions. For instance, I. crenata ‘Sky Pencil’
(IL082), morphologically identical to the Fastigiata genotypes with an upright phenotype,
can also be considered genetically identical to the Fastigiata genotypes (allele similarity
ranging from 98.19% with IL022 to 99.50% with IL005). Furthermore, the allele similarity of
I. crenata ‘Golden Helleri’ (IL024) and I. crenata ‘Lancaster Yellow’ (IL029) was 99.89%, thus
surpassing this threshold. Dudley and Eisenbeiss (1992) previously reported that a mutation
of ‘Helleri’ was commercialized under the name ‘Lancaster Yellow’ [5], thus confirming
that these accession names are genetically identical. Comparison of the allele similarities
of other genotypes revealed that I. yunnanensis (IL048) is highly related to I. mutchagara
Makino (IL047), I. crenata ‘Blondie’ (IL015), and I. maximowicziana var. kanehirae (IL013),
with allele similarity values ranging from 98.83% to 99.76% (Figure S1). There are two
reasons for these high allele similarities. The first is that I. yunnanensis (IL048) is actually
an I. crenata genotype. Visual assessment of the original plants in the arboretum revealed
that the mother plant of I. yunnanensis (IL048) looked like an I. crenata and not like the
other I. yunnanensis in the collection, leading to the conclusion that the mother plant, and
subsequently the I. yunnanensis (IL048) accession in our collection, was initially incorrectly
labeled as I. yunnanensis. The other reason for the observed high allele similarities is that
I. maximowicziana var. kanehirae (Yamam.) T. Yamaz. and I. mutchagara Makino are both
synonyms of one another and are also synonyms of I. crenata var. mutchagara (Makino)
Ohwi, as previously reported by Dudley and Eisenbeiss (1992) [5]. More recently, many
more heterotypic synonyms have been added to the list of synonyms, including I. crenata var.
kanehirae Yamam., I. crenata var. scoriatum Yamam., and I. maximowicziana Loes. [1]. Our data
show that both I. maximowicziana var. kanehirae (IL013) and I. mutchagara Makino (IL047) are
not more genetically different from I. crenata than the different I. crenata genotypes are from
one another (more than 98% allele similarity) (Figure S1). Moreover, they are genetically
almost identical to the I. crenata cultivar ‘Blondie’, with allele similarities only slightly lower
than that of the technical replicates. In conclusion, our data confirm that I. maximowicziana
var. kanehirae (Yamam.) T. Yamaz. and I. mutchagara Makino are synonyms and further
show that they are also synonyms of I. crenata Thunb.

3.2. Genetic Relationships among Ilex Species

Pairwise comparison of allele similarities across the collection showed blocks of sam-
ples that are more closely related to each other. These blocks were consistent with the clades
of the phylogenetic tree (Figure 1) and the clusters of the PCoA (Figure 2). Four clusters
were distinguished using PCoA analysis of the GBS data of the Ilex collection. Cluster
1, containing I. crenata accessions, was separated on the PC1 axis. Cluster 2, containing
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I. vomitoria accessions, was separated on the PC2 axis. Cluster 3, containing I. opaca acces-
sions, was separated from Cluster 4, containing multiple other species. The phylogenetic
tree generally agreed with this genetic structure. The species I. vomitoria was used as an
outgroup, as it became clear during preliminary analyses that this species was phylogenet-
ically less related to the other species than the other species were related to one another.
Besides I. vomitoria, I. opaca was also less related to the other species than the remaining
species were related to each other. The phylogenetic analysis generally confirmed the
species boundaries, as the different species were clearly grouped in separate clusters in the
phylogenetic tree, with high bootstrap support (100% for species).

In previously published phylogenetic trees based on a limited number of nuclear
markers (Cuénoud et al. [2] and Manen et al. [3]), I. sugerokii and I. yunnanensis were closely
related. However, in phylogenetic trees based on plastid markers, I. sugerokii is more
closely related to I. crenata [2,3]. In our study, I. sugerokii and I. yunnanensis are more closely
related. In the studies of Cuénoud et al. [2] and Manen et al. [3], I. opaca and I. x attenuata
are placed in the same group in the phylogenetic trees resulting from both nuclear and
plastid markers. In addition, I. rugosa, I. aquifolium, I. leucoclada, I. x makinoi, and I. integra
were placed in the same group. Those results are consistent with our findings. Further-
more, our phylogenetic tree (Figure 1) was consistent with the traditional classifications of
Galle [9], but also revealed some deviations. First, similar to Galle’s classification, I. integra,
I. leucoclada, and I. aquifolium were also closely related in our data. According to Galle, they
belong together in subgenus Aquifolium, section Aquifolium, series Aquifoliodes. Second,
I. x makinoi, I. x meserveae, and I. rugosa were closely related in our study. Galle [9] places
them under subgenus Aquifolium, section Aquifolium, series Hookerianae. Third, in our
study, I. vomitoria was not closely related to any other species in our collection (the highest
allele similarity is 17.45% with I. x meserveae). This species is also classified separately in
Galle’s classification, under subgenus Aquifolium, series Vomitoriae, along with one other
species, I. fuertisiana (not in our collection). Our GBS data also revealed some discrepancies
with previous classifications. Galle [9] places I. x attenuata, I. glabra, I. opaca, I. sugerokii,
and I. yunnanensis together in the subgenus Prinos, section Paltoria, series Cassinoides.
However, in the phylogenetic tree shown above, I. x attenuata and I. opaca were placed
separately from the others. Furthermore, I. serrata and I. macrocarpa, both belonging to
different sections, were placed close to I. glabra, I. yunnanensis, and I. sugerokii.

The genome size of I. aquifolium (included in our collection) is previously reported
to be 2.30 pg/2C [32] as measured by Feulgen densitometry, an older and less accurate
technique. The results for I. aquifolium in our study were lower, with 1.85 ± 0.04 pg/2C
for the cultivar ‘Angustifolia’ and 1.90 ± 0.07 for the cultivar ‘Crispa’. The genome sizes
of other accessions in our collection have not been previously reported. We determined
the chromosome numbers of several species in our collection: I. aquifolium, I. x attenuata,
I. crenata, I. glabra, I. integra, I. opaca, I. vomitoria, I. rugosa, I. serrata, and I. leucoclada [9,16].
Fluorescence microscopy images of stained nuclei are shown in Figure 3. The genome sizes
and chromosome numbers for all analyzed accessions in the collection are presented in
Table 1. For most species, our data confirmed the results of previous studies. All diploid
species studied in this research had 2n = 40 chromosomes. In addition, we observed 2n = 40
for I. crenata and I. leucoclada (confirmed by Galle, 1997 for I. crenata [9]), which does not
agree with Sugiura [13] and Fedorov [14], who reported a chromosome number of 2n = 34
for both species (found in the Chromosome Count Database (CCDB)) [16]. The largest
reported chromosome number in the Chromosome Count Database is that of I. pedunculosa
Miq. (2n = 120). In our collection, a larger chromosome number of 2n = 160 was observed
for I. yunnanensis var. gentilis (IL104). This species also had the largest genome size in our
collection, at 8.01 ± 0.18 pg/2C.
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Figure 1. Phylogenetic tree of the Ilex collection along with the genome size (pg/2C-value). The
clades containing non-Ilex crenata spp. are depicted in grey and the clades containing I. crenata
accessions in black. The three clades within I. crenata are indicated on the right (Clade A, Clade B,
and Clade C). For every genotype a dot represents the mean genome size (n = 6) and the horizontal
bar the standard deviation, as measured using flow cytometry. Vertical lines labeled mean A, mean
B, and mean C indicate the mean genome sizes per clade (polyploids not included) of 2.09 ± 0.006;
2.07 ± 0.05, and 2.19 ± 0.06 pg/2C ± sd for clade A, B, and C, respectively. The genome size of
genotypes with a genome size exceeding the scale are depicted on the right.
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Figure 2. PCoA of the 94 accessions of the Ilex collection (A) and the subset of 72 I. crenata accessions
(B). (A) Samples are colored by species and grouped in four clusters. (B) Samples are false-colored
according to their genome size (range 1.98–2.30 pg/2C), while the polyploids are pictured in gray.
Accessions of Clade A are grouped using a circle. The dotted line separates accessions of Clade B and
Clade C.
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Figure 3. Fluorescence microscopy images of stained nuclei reveal chromosome numbers of Ilex spp.
(A) I. crenata ‘Braddock Heights’, 2n = 40; (B) I. crenata ‘Cherokee’, 2n = 80; (C) I. crenata ‘Fastigiata’,
2n = 40; (D) I. x makinoi ‘Hara’, 2n = 40; (E) I. crenata ‘Black Beauty’, 2n = 60; (F) I. crenata ‘Chesapeake’,
2n = 80; (G) I. yunnanensis var. gentilis, 2n = 160; and (H) I. leucoclada, 2n = 40.

3.3. Genetic Relationships of Ilex Crenata Cultivars

When studying the phylogenetic tree (Figure 1), combined with the pairwise allele
similarities of the different I. crenata accessions (Supplementary Materials), a segregation
into three groups emerged within the species of I. crenata, which was also observed based
on the number of common loci and based on the allele similarity. Clade A consists of
I. crenata ‘Golden Gem’ (IL023), I. crenata ‘Luteovariegata’ (IL030), and I. crenata ‘Picas’
(IL033) (bootstrap value of 100%). Clade B contains 34 I. crenata genotypes (bootstrap
value of 95%), and Clade C contains 36 I. crenata genotypes. Clade B has three highly
supported subgroups (bootstrap values of 83%, 93% and 99%), while Clade C has some
highly supported subgroups but also some genotypes (such as I. crenata ‘Monmouth
(IL073) and I. crenata ‘Tee Dee’ (IL040)) with less clear phylogenetic positions. The PCoA
of I. crenata (Figure 2B) roughly confirmed this structure, with clear separation of clus-
ters A and B from C. Contrary to clusters B and C, there was only very little variation
within Clade A. In Figure 1, the color gradient shows the distribution of the genome
size of I. crenata. For all analyzed samples, the mean genome size and standard devi-
ation are shown in Table 1. The genome size of the I. crenata genotypes varied from
1.98 pg/2C to 2.30 pg/2C (all diploids 2n = 2x, data shown in Table 1), with three outliers:
I. crenata ‘Black Beauty’ (3.06 ± 0.04 pg/2C, triploid: 2n = 3x = 60), I. crenata ‘Chesapeake’
(4.04 ± 0.09 pg/2C, tetraploid: 2n = 4x = 80), and I. crenata ‘Cherokee’ (4.19 ± 0.08 pg/2C,
tetraploid: 2n = 4x = 80). The observed genome size variation in I. crenata (1.16-fold differ-
ence) was larger than generally expected within a species. Interestingly, the genome sizes
were more concise when calculated in accordance with the observed genetic clade structure.
The phylogenetic clades had a significant difference in genome size, as depicted in the right
panel of Figure 1. Clade A had a mean genome size of 2.09 pg/2C ± 0.006, Clade B had a
mean genome size of 2.07 pg/2C ± 0.05, and Clade C contains the I. crenata samples with
the largest genomes (mean of 2.19 pg/2C ± 0.06). All three clades showed little variation
within them and have low standard deviations, which is the normal variation expected
within a species. There was, however, a significant difference in the mean genome size of
Clade B and Clade C (p-value = 7.44 × 10−13). As Clade A only comprises three genotypes,
statistical differences were not calculated for this clade.

Intraspecific genome size variation should be interpreted with caution, as illustrated
by Noirot et al. (2000) [33] and Greilhuber (2005) [34]. Noirot et al. showed that the
use of an internal standard can reduce, but not eliminate, measurement errors [35]. As
Ilex is a dioecious plant and sex chromosomes can differ in size, a possible link between
genome size and sex was investigated but not found, indicating that the observed variations
in genome size and grouping in clades were not due to the sex chromosomes. A more
plausible explanation is that the genome size differences are linked to the evolutionary or
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breeding history of the plants. However, information about the geographic origin, breeding
parents, and year of discovery of the different cultivars in this study is scarce and did
not lead to unraveling the origin of the observed clades. In the species I. polyneura, the
emergence of two groups and some in between genotypes was described by Yao et al. using
RADseq population genetic analyses [4]. A link between genome size and evolution has
been proposed in maize [36,37]. Bilinsk et al. observed small differences in genome size in
maize and described a negative correlation between genome size and cell production rate,
as well as a negative correlation between cell production rate and flowering time. Their
research suggested that a mechanistic relationship between genome size, cell production,
and developmental rate may lead to differences in optimal flowering times across altitudes,
thus affecting genome size [36].

3.4. Genetic Diversity via Crossing and Hybridization

In addition to identifying very closely related genotypes, GBS-derived calculations
of pairwise common loci and allele similarities also make it possible to identify hybrids,
while only considering a phylogenetic tree often does not [30]. In this study, we were able
to identify IL051 I. x makinoi as the result of a spontaneous hybridization event between
I. leucoclada (IL099) and I. rugosa (IL098), and I. x meserveae ‘Blue Girl’ (IL046) as the result of
a manual cross between I. rugosa (IL098) and I. aquifolium (IL050) (Figure 4). Furthermore,
the table with common loci and allele similarities in the supplemental materials (Figure S1)
shows the known hybrid origin of I. x aquipernyi (IL045 and IL001) as being the result of
a manual cross of I. aquifolium and I. pernyi (not in dataset) as parents for I. x aquipernyi
(IL045). This accession has many loci in common with I. aquifolium (IL049 and IL050). For
I. x aquipernyi (IL001), however, the number of common loci with I. aquifolium (IL049 and
IL050) is not as high as for I. x aquipernyi (IL045). It is possible that I. x aquipernyi (IL001)
has a higher similarity to its other parent, I. pernyi (not included in the data).

 

Figure 4. Parental relations of hybrids I. x meserveae (IL046) (I. aquifolium x I. rugosa) and I. x makinoi
(IL051) (I. leucoclada x I. rugosa). The high allele similarity of GBS fingerprints reflects the relationship
of I. x meserveae (IL046) to I. aquifolium ‘Crispa’ (IL050) (85.34%) and I. rugosa (IL098) (82.79%), whereas
I. aquifolium ‘Crispa’ and I. rugosa have an allele similarity of only 34.08%. Similarly, the relation of
I. x makinoi (IL051) to I. leucoclada (IL099) and I. rugosa (IL098) can be derived from their high allele
similarities of 82.86% and 67.90%, respectively, whereas I. leucoclada and I. rugosa have a much lower
allele similarity of 41.59%.

I. crenata ‘Pride’s Tiny’ (IL035) appears to have been derived from a spontaneous or
manual hybridization event involving I. sugerokii var. longipedunculata (IL097) in its ancestral
lineage. The allele similarities within I. crenata reflect the clades of the phylogenetic tree.
Note the position of I. crenata ‘Dark Green’ (IL014), I. crenata ‘Monmouth’ (IL073), I. crenata
‘Horizontalis’ (IL069), I. crenata ‘Schwoebel’s Compact’ (IL078), and I. crenata ‘Piedmont
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Pyramidal’ (IL077). They cluster with genotypes in Clade C of the phylogenetic tree, but
they also had a high allele similarity with I. crenata ‘Convexa’ (IL003), I. crenata ‘Convexa
Gold’ (IL018), and I. crenata ‘Wiesmoor Silber’ (IL043). The same pattern is observed
for I. crenata ‘Twiggy’ (IL011), I. crenata ‘Midas Touch’ (IL072), I. crenata ‘Microphylla’
(IL009), and I. crenata ‘Yunnanensis’ (IL044), all of which had high allele similarities with
I. crenata f. watanabeana Mak. (IL042) and I. crenata ‘Fructu Lutea’ (IL088). Furthermore,
I. crenata ‘Green Island’ (IL026) is part of Clade C, but has a high allele similarity with
I. crenata ‘Golden Helleri’ (IL024) and I. crenata ‘Lancaster Yellow’ (IL029). These ‘in between’
genotypes could be the result of past intraspecific hybridization events between genotypes
of Clade B and Clade C.

The variety of commercial I. crenata cultivars is rather limited, comprised mostly of a
small selection of cultivars that are multiplied. The PCoA analyses revealed the breadth
of currently unexploited genetic diversity. There were no genotypes in our collection
that are positioned in the spaces between clusters, indicating a great potential for crosses
between clusters. Interspecific hybridization in Ilex is usually more complicated than
intraspecific crossing, and chromosome numbers can be used as a basis for estimating the
rate of success [9]. Nevertheless, hybridization has led to many commercially important
cultivars of different Ilex species in the past [9], such as I. x meserveae cultivars. Our data
even confirm the possibility of inter-species hybridization. To obtain cultivars that are
more robust to challenges such as high soil pH and black root rot, the knowledge from this
paper needs to be combined with knowledge about phenotypic traits such as tolerance and
resistance. In the future, both intra- and interspecific hybridization represent promising
approaches to creating novel genetic diversity.

4. Conclusions

Despite the popularity of I. crenata as an ornamental shrub, a handful of cultivars are
commercially dominant. The aim of this study was to investigate the genetic diversity
within the species I. crenata, and between I. crenata and a few other hardy Ilex species.
Genome size measurements, chromosome numbers, and genetic fingerprinting were used
to unravel the genetic identity, genetic relationships, and genetic diversity of 72 I. crenata
accessions and 22 accessions of other species. Our data showed that I. crenata has a high
intra-specific genetic diversity. This was reflected in the differences in genome size of
diploid I. crenata genotypes related to three phylogenetic clades identified through GBS
genetic fingerprinting. Furthermore, the genetic fingerprinting data showed that large parts
of this genetic variation might be interesting for commercial use. Interspecific hybridization
or intraspecific crossings are a possible strategy to further enlarge the genetic diversity in
the commercial assortment of I. crenata. This research is valuable for breeding programs,
as it allows deliberately selecting for genetically diverse parental material, creating novel
genetic diversity, and screening for novel morphological traits.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/horticulturae9040485/s1, Figure S1: Common loci and
allele similarities of the complete collection.
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Abstract: Salinity is one of the major abiotic stresses in plants. The aim of the present study was
to determine the effects of salinity on relatively sensitive Zinnia elegans Jacq. ‘Zinnita Scarlet’ and
relatively tolerant Zinnia marylandica D.M. Spooner et al. ‘Double Zahara Fire Improved’ through
a comparative analysis of morphological, physiological, anatomic, and biochemical traits. Plants
were irrigated at five levels of salt concentrations (0 [control], 50, 100, 150, 200 mM NaCl) for three
weeks at one-day intervals in pots under greenhouse conditions. The effects of salinity stress on plant
growth parameters, ion leakage, the loss of turgidity, minimum fluorescence (FO

′), plant nutrient
elements, leaf anatomic parameters, stoma response to the application of light and abscisic acid
perfusion, proline content, chlorophyll a, b and total chlorophyll, and carotenoid content were
investigated. Differences in the stages and levels of plant response in the relatively sensitive and
relatively tolerant cultivar were determined. Proline accumulation appeared to be higher in Double
Zahara Fire Improved (D.Za.F.I.) than Zinnita Scarlet (Zi.S.) in the low concentration of salinity. After
the application of abscsic acid perfusion to intact leaf surfaces, the stomata of the relatively tolerant
cultivar D.Za.F.I. closed earlier (7 min) than Zi.S. (29 min). Ion leakage (32.3%) and Na accumulation
(0.9%) in the aerial parts increased dramatically for Zi.S in the 50 mM NaCl treatment. Moreover,
values of plant growth parameters, minimum fluorescence (FO

′), photosynthetic pigments, and plant
nutrient elements all showed a greater decreasing percentage in Zi.S. compared to D.Za.F.I. Stomatal
densities for both the abaxial and adaxial surfaces of the leaf decreased in parallel with the increase
in salt stress. Palisade parenchyma cell height and leaf thickness values decreased in Zi.S. as salinity
increased. In D.Za.F.I., leaf thickness increased by up to 100 mM NaCl while the height of palisade
parenchyma cells decreased under high salt stress conditions (100 mM and above). Recommendations
for future research include molecular-level evaluations and the study of how to increase salt tolerance
in these potentially valuable ornamental cultivars.

Keywords: abscisic acid; ion leakage; photosynthetic pigments; plant nutrients; proline; stoma

1. Introduction

Abiotic stress in plants can affect growth, quality, and yield. The salinity of soil and
water, already an important problem in arid and semiarid regions, is increasing due to
climate change, irrigation, and fertilization. Salinity caused by ≥4 dS m−1 EC (electrical
conductivity) negatively affects all plant growth stages, from seed germination through
phenological stages and productivity [1]. Under saline conditions, plants cannot take water
from the soil and can accumulate toxic levels of Na+ and Cl− ions. This osmotic and ionic
stress leads to reductions in cell and tissue elongation, and nutritional imbalance and
oxidative stress occur [2,3]. The negative effects of these physiological and biochemical
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processes cause plant growth to slow. Ratios of Na/K and Na/Ca are important for the
homeostasis of plants [4], but calcium and potassium uptake are reduced by sodium
uptake. High concentrations of chloride can cause chlorophyll to degrade, which leads to
a reduction in photosynthesis [5]. In combination, these effects significantly reduce plant
productivity. Plants respond to salinity in two phases: (1) stomata closure and reduced
growth and (2) a cytotoxic stage leading to death [6]. Many anatomical characteristics
that help the plant cope with salinity is found in salt-tolerant plants [7]. Anatomical
modifications of leaf tissues defined as markers of adaptation to abiotic stress include
the thickness of the mesophyll and epidermis and the size and density of the stomata [8].
Plants exposed to salinity generally show traits of succulence, thick cuticles, hairs on
stems and leaves, salt glands, and sunken stomata. Some reports indicate that salt stress
reduces the number of stomata, while others have determined that stomata and epidermis
cell numbers increase with the degree of salinity [7,9–11]. Waqas et al. [12] reported that
morphological traits, such as stomata density and aperture on the upper and lower sides
of leaves, greatly influence the response of the plant to changes in salinity. Abscisic acid
(ABA) is a hormone that helps plants respond to environmental stressors such as salinity
and drought by regulating stomatal closure and gene expression. Under environmental
stress, ABA plays a significant role in regulating the water status of plants by controlling
stomatal movement. ABA does this by manipulating the ion fluxes of the guard cells of
the stomata, which, in turn, controls the transpiration water loss of the plant and helps
it conserve water [13]. In this case, the determination of ABA perception capability with
stomata behavior might be important for the detection of the plant’s tolerance.

The determination of the salt stress tolerance of ornamental plants is crucial for
their selection and use in salty areas, as well as for the use of alternative (saline) water
sources. Bedding plants are an important group of ornamental plants that are widely
used in landscaping. Zinnia (Asteraceae family) is grown as an annual bedding plant used
throughout the world during the summer season. It can also be used as a cut flower and
potted plant. Zinnia has a wide diversity of vegetative characteristics, flower colors, and
flower morphology. These features make Zinnia a popular choice for use in landscaping,
gardening, and as a cut flower [14].

Studies examining the tolerance of Zinnia cultivars against salinity are limited to a
few cultivars. Markovic et al. [15] found that Z. elegans (MagellanTM Scarlet) was sen-
sitive under saline conditions. They revealed that this cultivar should not be planted in
saline areas due to negative effects on plant growth and flower parameters. In previous
work [16], we reported on antioxidant defense mechanisms of Zinnia marylandica ‘Double
Zahara Fire Improved’ and Zinnia elegans ‘Zinnita Scarlet’ cultivars under saline condi-
tions. These two cultivars can tolerate salinity up to 150 mM NaCl in terms of antioxidant
defense, SOD, and CAT enzyme activities, which increased significantly with 150 mM
NaCl in both Zinnia species but decreased with 200 mM NaCl. The highest GR enzyme
activity was found in 200 mM salinity at Z. marylandica ‘Double Zahara Fire Improved’.
In another work, 20 Zinnia cultivars were screened for germination under saline condi-
tions [17]. While the majority of Zinnia cultivars showed relatively high sensitivity to
salt stress at the germination stage, Dreamland Ivory and Dreamland Coral were more
tolerant. Macherla and McAvoy [18] determined that Zinnia elegans ‘Dreamland’ could be
irrigated with saline water up to 0.5 g L−1 NaCl (an EC of 1 dS m−1) in a 5-week production
cycle without negative effects on plant growth. Manivannan et al. [19] suggested that salt
stress led to important decreases in plant growth, biomass, photosynthetic parameters,
and pigments and increased the electrolyte leakage potential (ELP), lipid peroxidation,
and hydrogen peroxide level. Escalona et al. [20] found that salinity negatively affected
plant growth but not flowering in Zinnia elegans. Z. elegans cv. ‘Magellan’ was shown to
be relatively tolerant to salinity [21]. Niu et al. [22] reported that Z. marylandica ‘Zahara
Yellow’, ‘Zahara White’, ‘Zahara Scarlet’, ‘Zahara Rose Starlight’, ‘Zahara Fire’, and ‘Zahara
Coral Rose’ and Z. maritima ‘Solcito’ cultivars were sensitive to salinity (investigated saline
concentrations were 1.4 dS m−1 (nutrient solution, control), 3.0, 4.2, 6.0, and 8.2 dS m−1
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EC). Villarino and Mattson [23] reported that Z. angustifolia ‘Star Gold’ was sensitive
to salinity. Zivdar et al. [24] found that salinity reduced the germination parameters of
Zinnia, in contrast to Carter and Grieve [25], who showed that marketable flowers could
be produced up to 10 dS m−1 salinity when using Z. elegans cv. ‘Benary’s Giant Salmon
Rose’ and ‘Benary’s Giant Golden Yellow’. Based on these studies of Zinnia and the reports
that plants react differently to salinity at different developmental stages, we aimed to
determine the differences in the effects of salt stress on two cultivars, Z. elegans ‘Zi.S.’ and
Z. marylandica ‘D.Za.F.I’, which are considered to be relatively salt-sensitive and rela-
tively salt-tolerant [26], respectively. The study compared the morphological, biochemical,
anatomical, and physiological changes in the two cultivars in response to irrigation with
saline water.

2. Materials and Methods

2.1. Plant Material and Experimental Conditions

This study was carried out in the greenhouse of the Department of Horticulture,
Cukurova University in Adana, Turkey, during the summer of 2019 (19 May 2019–6 July
2019). In this study, seeds of Zinnia elegans Jacq. ‘Zinnita Scarlet’ (Z.S.) and Zinnia marylandica
D.M. Spooner et al. ‘Double Zahara Fire Improved’ (D.Za.F.I.) cultivars obtained from a
local seed distributor (Tasaco Farm, Antalya, Turkey) were used as plant material. The
average temperature was 32.9/19.7 ◦C; the average humidity was 54%.

2.2. Experimental Design and Treatments

In May 2019, the seeds of Zinnia cultivars were germinated in trays of peat-filled
cells, each with a diameter of 3 cm and a height of 4.5 cm. Municipal water was used for
irrigation. Once the seedlings had developed four leaves, they were transferred to 2-L
plastic pots containing a mixture of peat and perlite in a 2:1 ratio. After a 5-day adaptation
period, irrigation with NaCl solutions of different concentrations (0 mM [control], 50 mM,
100 mM, 150 mM, and 200 mM) was initiated and continued for three weeks on a daily basis.
Irrigation solutions were prepared using municipal water. The control group and the salt
treatment group were provided with macro and micronutrient solutions. The experiment
was conducted in a completely randomized design, with four replicates of five plants each,
for a total of 20 plants. The salinity treatments were terminated as soon as the first visible
symptoms of the damage, such as necrosis on the leaves or differences in plant height,
were observed.

2.3. Plant Growth Parameters

At the end of the study, the harvested plants were gently washed first with tap water
and then with distilled water to remove any remaining peat and perlite. Shoot length,
stem diameter, branch number, branch length, leaf width, and leaf length were determined.
After plants were divided into roots and shoots (leaves and stems), the fresh weights
of plants were recorded. The plants were then dried in an oven, and their dry weight
was determined.

2.4. Physiological Parameters
2.4.1. Ion Leakage

In order to determine ion leakage of plants, leaf discs (1 cm diameter) were taken from
young, fully expanded, and same-type leaves (second and third leaves from the apex). The
leaf discs were washed in distilled water and gently blotted dry. Leaf discs (n = 3) were
placed in each test tube, and the tubes were shaken for 4 h. The ion leakage in each sample
was determined with the EC meter (EC600 model, Extech Instruments) and accepted as the
first measurement (EC1). Leaf discs in the same solution were autoclaved; ion leakage at
room temperature was determined, and the final measurement (EC2) was accepted. Ion
leakage was calculated using the following Equation (1) [27].
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Ion leakage (%) = (EC1/EC2) × 100 (1)

2.4.2. Loss of Turgidity

Fully expanded and young leaves (second and third leaves from the apex) were used
to determine the loss of turgidity under salt stress. First, the fresh weight (FW) of the leaf
discs (1 cm) was recorded, and the turgor weight (TW) was determined after the leaf discs
were soaked in distilled water for 4 h. The leaves were dried at 70 ◦C for 24 h, after which
the dry weight (DW) was determined [28].

For the calculation of turgor loss, the following Equation (2) was used:

Loss of Turgidity (%) = [(TW − FW)/TW] × 100 (2)

FW: Fresh Weight, TW: Turgor Weight

2.4.3. Minimum Fluorescence

The OJIP curve is a graph that shows how Chl fluorescence changes over time when
measured on dark-adapted samples. It has four distinct stages: “O”, “J”, “I”, and “P”.
“O” represents the minimal fluorescence (FO

′) caused by energy loss in antenna pigments
before it reaches the reaction centers. “J” represents the fluorescence at 2 ms, “I” represents
the fluorescence at 30 ms, and “P” represents the highest fluorescence. The OJIP curve
is a useful tool for understanding the process of photosynthesis [29]. In this study, we
measured the minimum fluorescence (FO

′) using a FluorPen FP100 fluorimeter (FluorPen
FP100, Photon System Instruments Ltd., Drasov, Czech Republic). At the end of the
experiment, readings were made on three leaves from each plant [30].

2.4.4. Ion Concentration Analysis

The dried sample of the roots and shoots was used to determine plant nutrient con-
centrations. The dry materials were ground and digested using the dry digestion method.
Sodium (Na+), calcium (Ca2+), magnesium (Mg2+), potassium (K+), phosphorus (P), Copper
(Cu2+), manganese (Mn2+), iron (Fe2+), and zinc (Zn2+) concentrations were determined by
inductively coupled plasma-atomic emission spectrometry (ICP-AES) [31]. After determin-
ing the ion concentrations, the Na+/K+ and Na+/Ca2+ ratios were calculated. Furthermore,
Cl− concentration was determined with a scientific chloride analyzer—Sherwood [32].

2.5. Anatomical Parameters
2.5.1. Preparation for Stomatal Examination

Leaf samples were taken early in the morning for stoma counting and measurements.
The stomatal density and size were measured from replicas of the abaxial and adaxial
epidermis of the leaf. In these samples, a piece of nail polish (transparent) was applied to
both sides of the lamina. The molds of the leaves were removed by pressing the leaves with
tape. The image of the removed molds was taken with a light microscope (Motic, BA210
Trinocular, Xiamen, Hong Kong, China). The Motic Images Plus 2.0 analyzer program
was used to determine the number, length, and width of the stomata in the photographed
preparations. Stoma width and length on the upper and lower surface of the leaf were
measured and determined as μm in the preparation photographs. In the preparations
photographed under the microscope, the stomata on the upper and lower surface of the
leaf were determined by counting the number of stomata per mm2.

2.5.2. Investigation of Stoma Behaviors against Light Application

In order to verify the behavior of the stomata against ABA perfusion, the responses
of the closed stomata in plant leaves to light were investigated. In order to examine the
motility of the stoma, the leaf of the intact plant was placed on a vertical microscope table
(Leica DM1000 LED, Leica Microsystems GmbH, Wetzlar, Germany) and images were
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recorded automatically every 60 s with the camera (Leica ICC500W) which equipped by
microscope. In order to test the ability of stomata to open under light and to observe
the differences resulting from the application under light, the white light intensity was
obtained from the microscope lamp with approximately 300 μ mol m−2 s−1. The upper
surface of the plant leaves was fixed on an acrylic glass block using double-sided adhesive
tape. Stomatal openings were determined from the images taken using the ImageJ program.
Then, the measurements taken were graphed. Stoma clearance measurements were carried
out on control plants of both cultivars between 08:00 and 16:00 h [33].

2.5.3. Investigation of Stoma Behaviors against ABA Perfusion

In order to observe the instantaneous effect of ABA application on stoma behaviors,
intact Zinnia plants were fixed on the microscope table as described above, and control
(pure water) and (±) ABA (50 μM) applications were carried out on the leaf surface using
the perfusion system as described by [33] and [34]. Aqueous-immersion lenses were used
to examine the stomata and apply the ABA solution. During the studies, the working
solution (5 mM KCl, 5 mM potassium citrate (pH 5.0), 0.1 mM CaCl2, and 0.1 mM MgCl2]
was perfused to allow 0.3 mL of the solution to flow between the leaf and the lens at a
continuous flow of 1.5 mL [33,34]. The closing times of the stomata were observed after
perfusing ABA from the leaf surface (intact) on the plant in the D.Za.F.I and Zi.S cultivars.
After perfusing a solvent of the ABA solution, as a control, the stomata were not closed.
This process was carried out to support the ABA. Measurements were carried out at least
8 times on control plants of both cultivars. Stomatal behaviors were investigated using the
Image J program.

2.5.4. Preparation for Leaf Cross-Section Examinations

The young and fully expanded leaves (third leaf from the apex) were collected at
the end of the study. The leaves were cut from the central part of the middle leaflet, near
the widest point of each leaf [35]. Paraffin embedding and microtome sectioning were
performed in order to obtain leaf cross sections [36]. The samples were transferred to
FPA-70 fixation liquid. All the leaf samples were dehydrated using ethanol and tertiary
butyl alcohol series (70, 85, 95, 100%) for 4–5 h in each solution, then embedded in paraffin,
sectioned longitudinally (10 μm) with a rotary microtome (Leica RM2245), stained with
0.125% hematoxyline, and mounted in Entellan [37]. Serial sections of 10 μm thickness were
made from the leaf samples with a microtome (Leica RM2245; Leica Microsystems GmbH,
Wetzlar, Germany). Leaf thickness, upper and lower epidermis length, the length of the
palisade parenchyma, and the width of sponge parenchyma from five predetermined points
of five randomly chosen photographs of each leaf lamina cross-section were determined.
The measurements were made using image processing software (Motic Images Plus 2.0
analyzer program).

2.6. Biochemical Parameters
2.6.1. Proline Content

Plant samples (250 mg) were crushed and ground in a mortar in 5 mL 3% sulfosal-
icylic acid solution. The ground samples were centrifuged at 3000 rpm for 4 min. After
centrifugation, 1 mL of the supernatant part of the samples was taken, and the reaction
mixture was prepared by adding acid ninhydrin (1 mL) and glacial acetic acid (1 mL). This
prepared mixture reacted in a water bath at 100 ◦C for 1 h, and the reaction was terminated
in an ice bath. The reaction mixture was extracted with 2 mL of toluene while in an ice bath.
The spectrophotometer readings were performed at 520 nm irradiance [38].

2.6.2. Photosynthetic Pigment and Total Carotenoid Content
The total chlorophyll, chlorophyll a, chlorophyll b, and carotenoid contents were

determined according to the Arnon [39] and Lichtenthaler and Wellburn [40] methods. In
brief, 150 mg of fresh leaf samples taken from equal points from the plants were crushed
and ground in 15 mL of an 80% acetone solution. After the samples were filtered through
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filter paper, they were read in a spectrophotometer (Shimadzu, UV 1800, Japan) at 470, 645,
and 663 nm wavelengths. The obtained data were calculated according to Arnon [39] and
Lichtenthaler and Wellburn [40] using the following Equations (3)–(6)

Total chlorophyll = [(20.2 × Abs645) + (8.02 × Abs663)] × (−Acetone (mL))/Leaf (mg) (3)

Chlorophyll-a = [(12.7 × Abs663) − (2.6 × Abs645)] × (Acetone (mL))/Leaf (mg) (4)

Chlorophyll-b = [(22.9 × A645) − (4.68 × A663)] × (Acetone (mL))/Leaf (mg) (5)

Total Carotenoid = [(1000 × A470) − (3.27 × Chl-a) − (104 × Chl-b)]/229 (6)

2.7. Statistical Analysis

Stress treatment was carried out in a completely randomized experimental design with
two factors (salinity and cultivar). Each treatment had four replicates of five plants. Data
were subjected to ANOVA, and the means were separated using the LSD (least significant
differences) multiple range test at p < 0.05. All the statistical analyses were performed using
the JMP8.1 Software package.

3. Results

3.1. Morphological Parameters

The effects of salt stress on the plant growth parameters and physiological, anatomical,
and biochemical properties of two Zinnia cultivars grown under different salt concentrations
(0, 50, 100, 150, and 200 mM) were investigated. The effects of salinity and cultivar on
plant growth parameters were important statistically, but we focused on salt and cultivar
interaction results to see the different response stages and levels in the study. So, separately,
the effects of cultivar and salt on all parameters are given in Tables S1–S10. The effects of
the salinity and cultivar interaction were not important in terms of plant growth parameters
except for branch length, stem diameter, and root collar diameter (Table 1). Branch length
was higher in 0 mM NaCl—D.Za.F.I (9.92 cm) and 50 mM NaCl—D.Za.F.I (9.72 cm) and
0 mM NaCl—Zi.S (9.48 cm). The percentage of the decrease in branch length from the control
to 200 mM NaCl was higher in Zi.S (52.6%) than in D.Za.F.I (36.5%). The percentage of the
decrease from the control to 200 mM NaCl of root fresh (71.7%), and dry (72.9%) weights,
shoot fresh (65.3%) and dry (57.4%) weights were also higher in Zi.S. The appearance of
D.Za.F.I and Zi.S under the application of saline irrigation is shown in Figure 1.

 

 

Figure 1. The appearence of D.Za.F.I and Zi.S under salt stress.
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3.2. Anatomical Parameters
3.2.1. Leaf Stomatal Parameters on Abaxial and Adaxial Epiderma

The results of the study revealed that there were statistically significant differences
in stomatal parameters between the two cultivars under varying salinity levels, as seen in
Table 2. The abaxial stomata width was higher in 0 mM NaCl—D.Za.F.I cultivar (27 μm).
The abaxial stomata width decreased slightly in D.Za.F.I as the salt stress increased. A
slight increase was observed at 50 mM (20.2 μm) and 100 mM (22.8 μm) of NaCl in the Zi.S.
cultivar. The longest abaxial stomata length was found in 0 mM NaCl—D.Za.F.I cultivar
(46.3 μm); in this cultivar, abaxial stomata length remained stable under saline conditions.
In contrast, the abaxial stomata length of Zi.S decreased as salinity increased. The highest
stomatal density was under 0 mM (227 units) and 50 mM (238 units) NaCl for Zi.S, with
dramatic decreases observed up to 100 mM NaCl (117 units). The abaxial stomatal density
of D.Za.F.I was stable from 0 mM NaCl to 150 mM NaCl, but it dramatically decreased
at the 200 mM NaCl (88 units) level. Adaxial stomata width and length were greater
at 100 mM (width: 28.5 μm—length: 52.6 μm) and 150 mM (width: 28.0 μm—length:
51.0 μm) NaCl in the D.Za.F.I cultivar. Adaxial stomatal width and length increased at
150 and 200 mM NaCl in both cultivars. Adaxial stomatal density was higher in 0 (85 unit)
and 50 (71 unit) mM NaCl in Zi.S cultivar. However, when compared with the control
group, the decreasing percentage in adaxial stomatal density was found at 27% in 150 mM
NaCl and 25% in 200 mM NaCl treatments in D.Za.F.I plants. The adaxial stomata density
decreasing percentage was found at 14%, 13%, and 29% under 100, 150, and 200 mM NaCl
treatments, respectively, in the Zi.S. cultivar. Stoma width, length, and density on the
abaxial and adaxial epiderma of cultivars are shown in Figure 2.

Table 2. Effects of salinity and cultivar interaction on stomatal parameters of D.Za.F.I and Zi.S.

Cultivar NaCl (mM)

Abaxial Stomatal Parameters Adaxial Stomatal Parameters

Width
(μm)

Length
(μm)

Density
(unit)

Width
(μm)

Length
(μm)

Density
(Unit)

D.Za.F.I

0 27.0 ± 3.0 a 46.3 ± 4.4 a 147 ± 32 c 25.4 ± 2.4 b 46.7 ± 3.4 b 85 ± 24 d
50 24.2 ± 2.0 bc 44.4 ± 3.9 ab 135 ± 30 c 22.3 ± 1.8 c 46.5 ± 2.8 b 71 ± 11 de
100 24.1 ± 1.7 bc 43.1 ± 4.6 b 141 ± 17 c 28.5 ± 3.9 a 52.6 ± 3.4 a 66 ± 10 e
150 24.3 ± 2.0 bc 43.3 ± 5.6 b 139 ± 18 c 28.0 ± 3.2 a 51.0 ± 3.5 a 62 ± 15 e
200 24.9 ± 2.4 b 44.6 ± 5.3 ab 88 ± 16 d 25.3 ± 3.7 b 48.6 ± 3.9 b 64 ± 14 e

Zi.S

0 19.7 ± 2.2 d 32.1 ± 2.9 d 227 ± 34 a 17.9 ± 1.6 d 30.4 ± 2.1 ef 175 ± 19 a
50 20.2 ± 2.1 d 32.4 ± 3.7 d 238 ± 36 a 20.5 ± 1.7 c 32.5 ± 2.2 de 173 ± 25 a
100 22.8 ± 2.8 c 36.4 ± 2.4 c 177 ± 9 b 18.6 ± 2.1 d 33.5 ± 2.9 cd 150 ± 16 b
150 19.8 ± 1.9 d 30.3 ± 1.9 de 179 ± 20 b 21.2 ± 3.0 c 35.5 ± 5.2 c 152 ± 28 b
200 19.5 ± 2.7 d 28.3 ± 3.5 e 182 ± 25 b 17.9 ± 2.0 d 29.4 ± 2.0 f 124 ± 17 c

LSD 1.612 *** 2.802 *** 23.811 *** 1.314 *** 2.290 ** 17.590 *

* p < 0.05, ** p < 0.01, *** p < 0.001. The differences between the averages were indicated by separate letters.

In the study, the opening stomatal aperture behavior of the control (0 mM) group
plants was investigated by shining light on the closed stomata on the abaxial surface
of the leaves. As a result of microscopic examinations, the opening duration of the
stomatal aperture of D.Za.F.I and Zi.S. were found to be close to each other under ap-
plications of light. The maximum opening of the stomatal aperture was obtained after
36 min in both cultivars (Figure 3a, Supplementary data Video S1). After ABA perfu-
sion, the stomatas of D.Za.F.I (7 min) closed more quickly than Zi.S (29 min) (Figure 3b,
Supplementary data Videos S2 and S3). In Figure 4, sample views in two cases with the
stomata open and closed in the control group of D. Za.F.I and Zi.S cultivars are presented.
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Figure 2. The effects of salt stress on stoma width, length, and density on abaxial and adaxial
epiderma of D., Za., F., I, and Zi.S. Scale bar: 30 μm.3.2.2. Stoma Behavior against Light Application
and ABA Perfusion.

 
Figure 3. The change in stomatal aperture of D.Za.F.I and Zi.S under light application (a) and
ABAperfusion (b).
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Figure 4. The view of open and closed stomata of intact control (0 mM NaCl) plants of D.Za.F.I
and Zi.S.

3.2.2. Leaf Cross-Sections

The study found that the salinity levels had a significant effect on leaf anatomi-
cal parameters, with the exception of the length of the lower surface epidermal cells in
both cultivars (Table 3). The highest leaf thickness (LT) value was found at 0 mM NaCl
(359.7 μm)—Zi.S. cultivar, and the lowest values were at 150 mM (246.2 μm) and 200 mM
(247 μm) NaCl—D. Za.F.I cultivar. When the control (0 mM NaCl) and 200 mM NaCl
treatments were compared, leaf thickness decreased by a total of 9% in D.Za.F.I and 28%
in Zi.S. The length of the palisade layer (LPL) was lower in 150 mM (54 μm) and 200 mM
NaCl (54.4 μm)—D.Za.F.I. The width of spongy parenchyma was higher in the 100 mM
NaCl—Zi.S cultivar (23.9 μm). The lowest values were obtained from 100 mM, 150 mM,
and 200 mM NaCl—D.Za.F.I cultivar. The length of adaxial epidermal cells was higher in
100 mM NaCl—D.Za.F.I cultivar (19.8 μm). The aspects of leaf cross-sections of D.Za.F.I
and Zi.S are presented in Figure 5. As salinity increased, glandular hairs (trichomes) were
observed on the leaves of the Z. marylandica Double Zahara Fire Improved cultivar (data
not presented) (Figure 6).

Table 3. Effects of salinity and cultivar interaction on stomatal parameters of D.Za.F.I and Zi.S.

Cultivar
NaCl
(mM)

LT
(μm)

LAbEC
(μm)

LPL
(μm)

WSPC
(μm)

LAdEC
(μm)

D.Za.F.I

0 272.8 ± 21 c 25.5 ± 5 73.0 ± 5 b 17.4 ± 4 de 15.6 ± 3 cd
50 270.5 ± 12 c 24.8 ± 6 73.0 ± 8 b 15.7 ± 2 ef 15.1 ± 3 d

100 292.1 ± 23 b 33.5 ± 8 57.8 ± 7 d 14.2 ± 4 f 19.8 ± 6 a
150 246.2 ± 12 d 28.1 ± 5 54.0 ± 5 e 14.4 ± 2 f 18.1 ± 3 abc
200 247.0 ± 26 d 27.6 ± 6 54.4 ± 8 de 14.5 ± 3 f 18.3 ± 5 ab

Zi.S

0 359.7 ± 22 a 20.5 ± 3 84.1 ± 7 a 22.0 ± 3 ab 11.3 ± 6 e
50 303.1 ± 10 b 23.9 ± 4 72.2 ± 4 b 20.0 ± 3 bc 18.2 ± 7 ab

100 303.4 ± 36 b 33.1 ± 5 82.2 ± 4 a 23.9 ± 5 a 17.2 ± 5 bcd
150 302.5 ± 57 b 28.5 ± 5 80.5 ± 7 a 19.2 ± 3 cd 15.7 ± 8 bcd
200 255.6 ± 33 cd 25.0 ± 4 67.5 ± 4 c 17.6 ± 4 de 15.2 ± 7 d

LSD 17.996 *** —NS 3.826 *** 2.180 *** 2.611 **

** p < 0.01, *** p < 0.001, —NS: nonsignificant, LT: leaf thickness, LAbEC: length of abaxial epidermal cells,
LPL: length of palisade layer, WSPC: width of spongy parenchyma cells, LAdEC: length of adaxial epidermal
cells. The differences between the averages were indicated by separate letters.
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Figure 5. Cross sections of Zi.S and D.Za.F.I under salinity stress. ade: adaxial epiderma, abe: abaxial
epiderma pp: palisade parenchyma, sp: spongy parenchyma, gh: glandular hair (trichome) (scale bar
for Zi.S.: 50 μm, scale bar for D.Za.F.I: 100 μm).

187



Horticulturae 2023, 9, 247

Figure 6. Glandular hairs on D.Za.F.I plants under saline conditions, scale bar: 100 μm.

3.3. Physiological and Biochemical Parameters

Ion leakage, proline content, FO
’, and photosynthetic pigments were all affected by

salt stress and cultivar interactions, as shown by the statistical analysis (Figure 7). Ion
leakage had the lowest value in the control group of D.Za.F.I (25.8%), and the control group
of Zi.S (27.9%) and 50 mM NaCl of D.Za.F.I (28.1%) followed. The ion leakage increased
drastically in 100 mM NaCl of Zi.S cultivar (50.9%); the increasing rate from the control
to 100 mM NaCl was 82%. The ion leakage increase was in 150 mM NaCl for D.Za.F.I
cultivar (41.7%) (Figure 7A). The loss of turgidity increased in both cultivars, but interaction
effects did not differ between the cultivars (Figure 7B). While proline content increased
in the 50 mM NaCl level in D.Za.F.I (7.14 mg/g FW), it was 3.74 mg/g FW in the same
concentration of Zi.S. The proline increased in 100 mM NaCl in Zi.S (12.3). A greater proline
content was found in the D.Za.F.I cultivar (20.7 mg/g FW) compared to Zi.S (14.7 mg/g FW)
under 200 mM NaCl. (Figure 7C). The minimum fluorescence value (FO’) had important
differences in both cultivars under different salt concentrations. While FO’ was stable and
slightly increased in 100 mM NaCl in D.Za.F.I, it decreased as the salinity increased in Zi.S
(Figure 7D). It was found that the content of photosynthetic pigments in both cultivars was
affected by salinity, and this effect was statistically significant. Photosynthetic pigments
were stable and slightly increased by 150 mM NaCl in D.Za.F.I. As the salinity increased,
photosynthetic pigment contents decreased in Zi.S (Figure 7E–H).

Based on the data presented in Table 4, it was determined that there were no statistically
significant differences in the root content of P, K, Ca, Mg, Fe, Cu, Mn, and Zn among the
Zinnia cultivars that were evaluated when subjected to salt stress conditions.

Table 4. Effects of salinity and cultivar interaction on plant nutrient elements in roots of D.Za.F.I
and Zi.S.

Plant
NaCl
(mM)

P K Ca Mg Fe Cu Mn Zn

D.Za.F.I.

0 0.59 ± 0.10 1.86 ± 0.6 0.25 ± 0.02 1.36 ± 0.2 278.2 ± 72 40.1 ± 2.5 24.4 ± 5 117.0 ± 19
50 0.61 ± 0.12 2.16 ± 1.0 0.29 ± 0.09 1.12 ± 0.2 270.2 ± 76 41.5 ± 1.5 24.4 ± 2 166.2 ± 40

100 0.70 ± 0.05 0.97 ± 0.9 0.34 ± 0.06 1.05 ± 0.4 252.7 ± 6 41.1 ± 1.2 28.8 ± 11 150.8 ± 65
150 0.79 ± 0.01 1.42 ± 0.4 0.32 ± 0.05 0.88 ± 0.2 165.8 ± 18 38.2 ± 2.9 23.0 ± 6 132.3 ± 14
200 0.61 ± 0.11 0.75 ± 0.4 0.31 ± 0.06 0.92 ± 0.3 215.4 ± 42 42.3 ± 0.5 28.5 ± 12 163.7 ± 54

Zi.S.

0 0.55 ± 0.15 1.51 ± 0.5 0.34 ± 0.08 1.12 ± 0.3 237.8 ± 90 44.7 ± 7 63.7 ± 23 86.9 ± 15
50 0.55 ± 0.02 1.45 ± 0.9 0.42 ± 0.09 1.30 ± 0.1 277.3 ± 63 56.9 ± 24 68.2 ± 32 86.8 ± 13

100 0.49 ± 0.15 0.62 ± 0.0 0.53 ± 0.07 0.83 ± 0.2 260.6 ± 110 45.5 ± 8 57.2 ± 28 94.1 ± 24
150 0.52 ± 0.25 1.28 ± 0.9 0.50 ± 0.14 0.77 ± 0.3 255.2 ± 74 48.4 ± 7 57.9 ± 24 95.4 ± 6
200 0.39 ± 0.19 0.85 ± 0.1 0.70 ± 0.30 0.45 ± 0.3 191.6 ± 52 59.9 ± 13 43.8 ± 25 84.6 ± 11

LSD —NS —NS —NS —NS —NS —NS —NS —NS

—NS: nonsignificant.
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Figure 7. The change in ion leakage (A), turgidity (B), proline content (C), minimum fluorescence
(FO’) (D) Chlorophyll-a (E), Chlorophyll-b (F), total chlorophyll (G), and total carotenoids (H) of
D.Za.F.I and Zi.S under different levels of salinity. —NS: nonsignifcant, ** p < 0.01 *** p < 0.001. The
differences between the averages were indicated by separate letters.
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Under saline stress conditions, the concentrations of P, K, Ca, Mg, Fe, Cu, Mn, and Zn
in the aerial parts of both cultivars exhibited similar trends of decline or enhancement, with
no statistically significant variation between the cultivars. (Table 5). However, the cultivar
and salinity interaction effect were important for the N content. The highest N content was
in 200 mM NaCl—D.Za.F.I (4.29), 50 mM NaCl—Zi.S (4.48), and 100 mM NaCl—Zi.S (4.46)
combinations. The N content in the D.Za.F.I increased with increasing salinity. However, it
dramatically decreased to 150 mM (1.87) and 200 mM NaCl (0.30) in the Zi.S.

Table 5. Effects of salinity and cultivar interaction on plant nutrient elements in aerial parts of D.Za.F.I
and Zi.S.

Plant
NaCl
(mM)

N P K Ca Mg Fe Cu Mn Zn

D.Za.F.I.

0 2.68 ± 0.37 bc 0.77 ± 0.03 5.30 ± 0.9 0.57 ± 0.03 1.54 ± 0.03 203.9 ± 31 46.1 ± 5 204.3 ± 15 174.2 ± 15
50 2.88 ± 0.60 bc 0.79 ± 0.01 6.19 ± 0.4 1.03 ± 0.30 1.82 ± 0.11 188.1 ± 27 43.1 ± 1 206.1 ± 41 180.9 ± 18
100 3.33 ± 0.78 ab 0.73 ± 0.05 6.12 ± 0.1 0.86 ± 0.13 1.74 ± 0.15 162.9 ± 14 42.6 ± 6 226.9 ± 17 168.2 ± 27
150 3.94 ± 0.24 ab 0.76 ± 0.03 5.84 ± 0.8 1.05 ± 0.11 1.87 ± 0.15 149.9 ± 11 39.9 ± 2 239.2 ± 11 179.6 ± 27
200 4.29 ± 0.64 a 0.71 ± 0.03 5.84 ± 0.7 1.11 ± 0.20 1.91 ± 0.36 232.6 ± 10 42.4 ± 2 273.8 ± 10 157.1 ± 23

Zi.S.

0 3.84 ± 0.36 ab 1.01 ± 0.07 4.10 ± 1.4 0.46 ± 0.07 1.91 ± 0.17 144.0 ± 19 38.7 ± 3 223.3 ± 36 200.4 ± 65
50 4.48 ± 0.79 a 1.14 ± 0.09 4.96 ± 0.6 0.55 ± 0.12 1.91 ± 0.39 143.3 ± 6 38.7 ± 4 209.7 ± 49 142.6 ± 60
100 4.46 ± 0.07 a 1.21 ± 0.11 4.43 ± 0.6 0.67 ± 0.06 1.99 ± 0.20 151.1 ± 18 44.2 ± 5 298.4 ± 50 165.4 ± 69
150 1.87 ± 1.99 c 1.05 ± 0.16 4.58 ± 0.5 0.79 ± 0.08 1.94 ± 0.10 144.3 ± 6 38.9 ± 3 272.5 ± 18 225.1 ± 12
200 0.30 ± 0.29 d 1.09 ± 0.17 4.97 ± 1.9 0.95 ± 0.19 1.87 ± 0.37 138.9 ± 8 38.7 ± 2 241.6 ± 23 201.8 ± 54

LSD 1.361 *** —NS —NS —NS —NS —NS —NS —NS —NS

*** p < 0.001, —NS: non-significant. The differences between the averages were indicated by separate letters.

The effects of root and aerial part Na, Cl content, Na/K, and Na/Ca ratio under
salinity are shown in Figure 8. The root Na content of both cultivars increased as salinity
increased, but the interaction was non-significant (Figure 8A). While the content of Na
in the aerial parts of D.Za.F.I. increased at 100 mM NaCl, Na in the aerial parts of Zi.S.
increased to 50 mM NaCl and increased dramatically at 100 mM (Figure 8B). The Na and Cl
content in the aerial parts of the sensitive Zi.S cultivar was higher than that in the tolerant
D.Za.F.I cultivar. Increased Na ions were found in both cultivars under salinity conditions,
with a higher increase percentage observed in the sensitive cultivar Zi.S. Compared to
the control (0 mM NaCl) treatment, the Na+ aerial content (0.23%) in D.Za.F.I increased
by 78% at 50 mM NaCl, 171% at 100 mM, 892% at 150 mM, and 1135% at 200 mM NaCl.
In Zi.S, the Na+ content was increased by 263% at 50 mM, 880% at 100 mM, 1238% at
150 mM, and 1355% at 200 mM NaCl compared to the control (0.25%). Although the effects
of interaction salinity and cultivar on the ratio of Na/K (Figure 8C) and Na/Ca (Figure 3E)
in the root were non-significant, ratios increased with salinity. The change in the Na/K and
Na/Ca ratios was significant in aerial parts (Figure 8D,F). Both ratios increased with salinity,
but the increases in Zi.S were higher than in D.Za.F.I. The content of Cl in the root and
shoot increased with salinity in both cultivars, but interaction effects were non-significant
(Figure 8G,H). The Cl accumulation in the root and aerial parts increased in both D.Za.F.I
and Zi.S cultivars with increasing NaCl concentrations. In D.Za.F.I, the increase was 136%
at 50 mM, 200% at 100 mM, 209% at 150 mM, and 264% at 200 mM NaCl compared to the
control (1.1%). In Zi.S, the increase was 120% at 50 mM, 160% at 100 mM, 280% at 150 mM,
and 300% at 200 mM NaCl, compared to the control (1.0%).
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Figure 8. The change in root-Na (A), aerial part-Na (B) root Na/K (C) aerial part-Na/K (D), root
Na/Ca (E), aerial part-Na/Ca (F), root Cl (G), aerial part Cl (H) content of D.Za.F.I, and Zi.S under
different levels of salinity. The differences between the averages were indicated by separate letters.

4. Discussion

Salt (NaCl) taken up by plants does not directly affect plant growth; it first affects
the turgor state, photosynthesis, and some enzyme activities [41]. In addition, Munns [41]
reported that growth retardation begins with a decrease in soil water potential and then
continues with specific effects such as salt damage which primarily affects old leaves due to
the excessive accumulation of salt ions in the cell wall or cytoplasm. Salt ions accumulating
in old leaves accelerate cell death and prevent the transport of carbohydrates and growth
hormones to growth tissues. This excessive accumulation of salt ions slows plant growth as
a result of the decrease in the rate of photosynthesis and the formation of growth-inhibiting
metabolites. In this study, shoot length, branch number, branch length, stem diameter,
root collar diameter, leaf width, leaf length, root fresh weight, and root dry weight values
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decreased in general as the salt stress level increased. Many previous studies on ornamental
plants show that plant growth parameters decreased with salt stress [21,22,42–48].

In relatively sensitive Zi.S leaf thickness, the length of palisade parenchyma cells,
and the width of sponge parenchyma cells decreased as salt stress increased. The length
of lower and upper epidermis cells increased up to 100 mM NaCl and then decreased
as salt stress increased. The leaf thickness of the D.Za.F.I cultivar, which is relatively
tolerant to salt stress, reached a peak value at 100 mM and decreased as NaCl concentra-
tions increased. The length of the palisade parenchyma cells and the width of the sponge
parenchyma cells decreased as salt concentrations increased. The lengths of the lower
and upper epidermis cells increased with the increasing salt stress. Navarro et al. [49]
reported that in Arbutus unedo, no change was observed in the palisade parenchyma of
the first layer in the leaves exposed to salt stress compared to the control group, while
the size of the palisade parenchyma cells in the second layer increased significantly in
parallel with the increase in stress. They also found a significant decrease in the intercellular
spaces of the sponge parenchyma. Fernandez-Garcia et al. [50] reported that increased
leaf thickness could be observed in Lawsonia inermis L. plants under highly saline con-
ditions. Acosta-Motos et al. [51,52] investigated leaf anatomy in Myrtus communis and
Eugenia myrtifolia plants under salt-stress conditions. While they observed no anatomical
changes in the palisade parenchyma in the Myrtus communis plant, they found a decrease in
the cells of the sponge parenchyma and an increase in the intercellular spaces. However, the
size of palisade parenchyma cells increased significantly. Likewise, Gomez-Bellot et al. [53]
reported an increase in leaf thickness along with an increase in the palisade parenchyma
cells in Vibirnum tinus plants. Hameed et al. [54] revealed that 200 mM NaCl increased
succulence in Imperata cylindrica (L.) Raeuschel plants. It is known that the increase in leaf
thickness and in the palisade parenchyma as salt stress increases helps to facilitate the
diffusion of carbon dioxide (CO2) and its progress through the layer, helping the chloro-
plasts to reach higher rates of CO2 in the palisade parenchyma. Such anatomical changes
are particularly important for the maintenance and advancement of the photosynthetic
performance of plants under stress situations, which tend to reduce the stomatal opening
but also help the plants cope with salt stress [51,52]. The study by Li et al. [55] empha-
sizes the crucial role of leaf anatomy in regulating the balance between water and CO2
diffusion during drought conditions. The research suggests that by understanding the
relationship between leaf anatomy and drought stress, it may be possible to develop more
drought-tolerant crops in the future. Plants have the ability to alleviate the negative effects
of salt stress by adjusting the density and size of their stomata. This is thought to be an
adaptive mechanism that allows plants to respond to changes in environmental factors
such as temperature and water availability [12,55,56]. Waqas et al. [12] suggested that the
increase in stomatal density in quinoa plants under salinity stress may be a result of the
shrinkage of pavement cells, which provides more surface area for CO2 assimilation. This
allows the plant to maximize its CO2 uptake, continue its photosynthesis process, and
improve its water usage efficiency in response to salinity. Stomatal density is a trait that is
dependent on the species, the duration, and the intensity of salinity. An increase in stomatal
density leads to an increase in the ion requirements of charge balancing and maintaining
osmotic potential at the plasma membrane of guard cells. This is thought to contribute to
salinity tolerance. We found that salinity had a negative impact on stomatal density in this
study. The stomatal aperture was observed to decrease more rapidly in the cultivar and
was relatively tolerant to salinity (D.Za.F.I) compared to the cultivar that was relatively
sensitive to salinity (Zi.S).

Leaf water potential and changes in osmotic potential depend on the osmotic potential
of the root environment and the amount of stress the plant is experiencing [57]. The plant’s
stress level can thus be measured by using some parameters that reveal the plant’s water
content under salt stress conditions. The results of the present study indicate that turgor
loss in the leaves of the two Zinnia cultivars was low when irrigated with 100 mM NaCl. As
salinity increased to 150 and 200 mM, the loss of turgidity increased. Salt stress did not affect
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the relative water content of Pelargonium [58] and calla lily [59]. In rose, Carvalho et al. [44]
reported that the relative water content decreased as salt stress increased. The maintenance
of relative water content and turgidity under salt stress conditions is associated with
an increase in Ca and Mg accumulation in leaf tissues as well as Na accumulation in
plants [58]. Salt stress in plants leads to damage to the cellular membrane. In the present
study, increased an ion leakage was observed as salt stress levels increased in both salt-
sensitive and salt-tolerant Zinnia cultivars. Cell damage rates were found to be higher in
the relatively sensitive Zi.S than the relatively tolerant D.Za.F.I. Trivellini et al. [60] reported
that ion leakage increased under 200 mM salt stress conditions in H. rosa-chinensis.

Salt stress can negatively impact the process of photosynthesis in plants. In the
short-term, high salt concentrations can cause the plant’s stomata to close, reducing
the rate of photosynthesis. This can lead to a halt in plant growth within a few hours
of exposure [61]. In the long term, salt accumulation in young leaves can lead to a
decrease in chlorophyll and carotenoid levels, which are essential for the process of
photosynthesis [22,62–67]. Many studies have shown that photosynthesis, specifically
the PSII (Photosystem—II) process, is negatively impacted by salt stress [50,68–70]. The
present study revealed that the minimum fluorescence (FO

′) decreased in the relatively
sensitive Zi.S as salt stress increased while it was preserved in relatively tolerant D.Za.F.I
under the same conditions. The chlorophyll-a and total chlorophyll content of cv. D.Za.F.I,
which is relatively tolerant to salt stress, did not change as the salt stress increased; a
slight decrease in chlorophyll-b content was observed. In contrast, the sensitive cv. Zi.S
showed a significant decrease in chlorophyll-a, chlorophyll-b, and total chlorophyll con-
tents under salt stress. Chlorophyll content decreased in salt-sensitive plants [65,71].
Mukarram et al. [72] reported that chlorophyll fluorescence, chlorophyll content, and
plant growth were minimized under high salt concentrations (240 mM) in lemongrass
(Cymbopogon flexuosus). Several reports show that the total chlorophyll content decreases
with salt stress: Vernieri et al. [73] in Acacia cultriformis, Callistemon citrinus, Carissa edulis
microphylla, Gaura lindheimeri, Jasminum sambac, Westringia fruticosa; Eom et al. [74] in
Alchemilla mollis, Nepeta faassenii, Phlox subulata, Solidago cutleri, Thymus praecox; Lee and van
Iersel [75] in Chrysanthemum morifolium; Bahadoran and Salehi [76] in Polyanthes tuberosa;
and Cantabella et al. [77] in Stevia rebaudiana. We further found that the total carotenoid
content of the plants of both cultivars decreased as salt stress increased. When the total
carotenoid content of the plant leaves in the highest salt stress condition (200 mM NaCl)
was compared with the content of the control group, and the decrease percentage (9%) in
the D.Za.F.I was quite low; it was found to be quite high in the Zi.S (48%). Carotenoids are
a crucial class of biochemicals, such as antioxidants, which protect membrane lipids against
oxidative stress induced by environmental stressors such as salt stress, thus promoting
plant health and survival [78,79]. Furthermore, carotenoids can interconvert and thus
contribute to increasing tolerance under stress conditions. [80,81].

Another common plant response to salt stress is an increase in intracellular osmotic
regulators. Among organic osmolytes, proline is one of the most important and effective
substances. In addition to its role as an osmoprotectant, proline helps plants cope with a
variety of environmental stresses, as it has antioxidant properties and acts as a molecular
chaperone to protect the structure of biological macromolecules during water loss from
the cell [82,83]. In general, proline accumulation in salt-tolerant plants increases after
exposure to salt stress. In this study, we found that the amount of proline increased in
two Zinnia cultivars that were relatively sensitive and tolerant, respectively. However,
in the salt-tolerant D.Za.F.I cultivar, proline content increased as soon as the plant was
exposed to salt (50 mM NaCl). Similarly, a 20% increase in the leaf proline content was
determined in Eugenia myrtifolia L., which was tolerant to 8 dS m−1 NaCl. [51]. In addition,
Bizhani et al. [19] in Zinnia elegans ‘Magellan’ cultivar, Bres et al. [58] in Pelargonium, and
Li et al. [84] in Crysahthemum reported a large increase in proline content. Kumar et al. [45]
reported a low level of increase in the proline content during stress in oleander (Nerium
oleander). Garcia-Capparos et al. [85] observed a peak in proline content at the 60 mM
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NaCl level in the root tissues and in the control treatments in the leaves of the Lavandula
multifida L. plant after the irrigation at different salt concentrations (0, 10, 30, 60, 100, and
200 mM NaCl). Mukarram et al. [72] revealed an upward trend in the proline concentration
with increasing salt levels. They found that the concentration of proline increased about
2.2 times at a salt level of 240 mM NaCl compared to the control group.

Salt stress can affect the nutritional balance of a plant through a complex network of
interactions, including restriction during the uptake and/or transport of nutrients from
root to shoot [3]. In general, in ornamental plants grown under saline conditions, a decrease
in the concentration of N, P, K, and Ca in leaf tissues was observed, while the Na and
Cl concentration increased due to the antagonistic interactions associated with Na and
Cl. Plant behavior regarding nitrogen uptake can differ widely under conditions of salt
stress. While nitrogen uptake under salt stress may decrease, usually due to antagonism
between NH4 and Na or [86] Cl and NO3 [87,88], the N content may also increase as
N-containing amino acids such as proline increase in response to salt stress [66]. Different
trends have also been observed in the P uptake of plants under salt stress conditions. Salt
stress can reduce P availability due to the antagonism between Cl and H2PO4 [57]. While
some researchers have detected a decrease in phosphorus content due to the competition
between the mentioned Cl and H2PO4 [89], others have reported an increase in P due to the
energy (ATP) required to transport the ions, which is more than necessary [90]. In our study,
the nitrogen content of the salt-sensitive Zi.S increased up to 100 mM NaCl, while a sharp
decrease was observed at higher concentrations. In the tolerant cultivar D.Za.F.I, N uptake
increased as salt stress increased. Salt stress treatments did not affect the phosphorus
content in both cultivars. Simon et al. [91] reported that salt stress led to decreased N and
P content in Chamaerops humilis and Washingtonia robusta plants, and Navarro et al. [92]
observed similar changes in Dianthus caryophyllus. Garcia Capparos et al. [93] stated that
there was no consistent change in N and P concentrations in the root and leaf tissues of
some ornamental plant species (Aloe vera L. Burm, Kalanchoe blossfeldiana Poelln and Gazania
splendens Lem sp.) under salt stress. Jampeetong and Brix [94] determined that the N
content of S. natans increased in leaf tissues but decreased in root tissues at 50, 100, and
150 mmol L−1 NaCl concentrations.

The increase in toxic elements such as Na and Cl in the leaves of plants exposed to salt
stress conditions caused visual damage such as tip and marginal blights, which negatively
affected the decorative value of the ornamental plant [95]. The typical symptom of sodium
(Na) accumulation was leaf blight, which occurred first on the oldest leaves and along the
leaf margins. As the stress level increased, the leaf dried further towards the leaf center
until all the tissue died. However, symptoms due to Cl toxicity typically begin at the leaf
tip of older leaves and progress toward the stem as the stress level increases [96]. Although
sodium (Na) is the main ion that causes toxicity related to high salinity, some plants are
particularly sensitive to Cl. In our study, the Na and Cl content of the aerial parts of the
sensitive Zi.S cultivar were found to be higher than the tolerant D.Za.F.I cultivar. Although
increased sodium (Na) ions were detected in both cultivars as the salt stress increased,
the percentage of the Na-increase was found to be higher in the sensitive cultivar Zi.S.
The study found that the root Na content of D.Za.F.I was 1.5 times higher than its aerial
part Na content, while the root and aerial part Na content of Zi.S was almost equal. The
root Na content of both cultivars was found to be similar, but the aerial part Na content
of Zi.S was 1.6 times higher than D.Za.F.I, indicating that the relatively sensitive cultivar
transferred Na+ to the shoots at a higher rate compared to the relatively tolerant cultivar,
which retained more Na+ in the root zone. As the salinity level increased, the concentration
of Cl in both cultivars also increased. According to Cassaniti et al. [95], an increase in the
Cl concentration in mature plants of Leptospermum scoparium led to a decrease in growth.
Picchioni and Graham [97] also found that the increasing Cl concentration in seedlings of
Crataegus opaca caused a decrease in growth. Controlling the salt concentration in the
upper part of the plant by limiting the entry of salt ions from the roots and preventing their
transport to the shoots is an important mechanism that ensures the survival and growth
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of plants growing in salty conditions [3,98]. The retention of Na and/or Cl ions in root or
leaf tissues is also important for salt stress tolerance [99,100]. In our study, in the relatively
tolerant cultivar D.Za.F.I, this feature was manifested in the presence of higher Na ions in
the roots than in the leaves. Similar results were expressed by Cassaniti et al. [95], with a
higher ion concentration in the roots than in the leaves of Viburnum lucidum.

The physical and chemical similarities between K and Na allow Na to compete with K
for binding sites on plasma membranes of root cells, leading to a reduced K uptake and
decreased K availability for the plant [101,102]. The decrease in calcium intake is due to the
replacement of Ca with Na in the cell membrane and the antagonistic interaction between
Ca and Na ions, which impairs membrane integrity and selectivity and affects membrane
properties [103]. In the present study, the aerial part K and Ca content of the tolerant D.Za.F.I
was found to be higher than in the Zi.S, and the Ca content increased in both cultivars
with salt stress. However, the Na/K and Na/Ca ratios in the aerial part were higher
in the Zi.S than the D.Za.F.I. The concentration of K+ decreased in Celosia argentea [104],
Limonium sinuatum and L. perezii [105] under saline conditions. In addition, Carter and
Grieve [106] in Antirrhinum majus, Navarro et al. [107] in Arbutus unedo, Simon et al. [91]
in Washingtonia robusta, Navarro et al. [85] in Dianthus caryophyllus, Grieve et al. [108] in
Matthiola incana, and Niu et al. [109] in Rosa hybrida found that the content of K and Ca
decreased, while the content of Na and Cl increased. The ability of plant genotypes to
maintain high levels of the K/Na ratio in their tissues is a key mechanism contributing
to the expression of salt stress tolerance [110–113]. The conservation of Ca and K content
in the plant under saline conditions helps maintain turgor status and cell membrane
integrity [114]. Acosta-Motos et al. [51] reported an increase in Ca in different parts of
Eugenia plants under salt stress. An increase in Ca concentrations in response to salt stress
conditions has also been reported in other plant species such as Vicia faba L. and Myrtus
communis L. [115,116]. Koksal et al. [117] emphasized that with the increase in the salt
stress level in the Hyacinthus orientalis L. plant, Na intake increased significantly, the K
content decreased, and the NaCl of 75 mM and above caused a sharp decrease in K/Na
and Ca/Na ratios. In addition, Koksal et al. [118] stated that depending on the increase in
salt stress, Ca, Mg, and Na concentrations increased while K decreased in both the roots
and shoots of Tagetes erecta. In addition, in the same study, the roots and shoots of K/Na
and Ca/Na ratios were found to be lower than the control at all salt levels. The researchers
emphasized that the determination of these rates is important in terms of revealing the
plant’s tolerance level.

Excessive salinity also reduced the Mg absorption of plants [119]. In our study, the
Mg content in the root and aerial part of D.Za.F.I cultivar did not change under salt stress
conditions the root-Mg content in Zi.S cultivar decreased, while the Mg content in the aerial
parts did not change. An increase in manganese content was found in the shoot tissues of
the D.Za.F.I cultivar under stress conditions. At increasing salt concentrations, Rout and
Shaw [120], who studied Hydrilla erticillate Esteves and Suzuki [119], who studied Typha
domingensis and Jampeetong and Brix [94], who studied S. natans, all reported decreases
in Mg content. Niu et al. [22] showed that the change in Mg content in Zinnia marylandica
cultivars (Zahara Coral Rose, Zahara Fire, Zahara Rose Starlight, Zahara Scarlet, Zahara
Yellow, and Zahara White) was minimal when compared to the changes in the amount
of Na and Cl ions. Manganese is a very important trace element for plants and acts as
an activator for different enzymes, which are involved in many biological events, such as
oxidation, reduction, decarboxylation, and hydrolytic reactions in plant systems [121]. In
our study, the effect of salt stress on the intake of microelements, the interaction effects of
salt, and the cultivar were not important in roots and aerial parts tissues.

5. Conclusions

The study investigated the differences in salt tolerance between two Zinnia cultivars,
Zinnita Scarlet (relatively sensitive) and Double Zahara Fire Improved (relatively tolerant).
The results showed that the sensitive cultivar had high Na content, high ion leakage,
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slow stomatal closure, reduced photosynthetic pigments, and decreased stomatal number
under salt stress, while the tolerant cultivar showed quicker stomatal closure, early proline
synthesis, maintained photosynthetic pigments, and low ion leakage (in 50 and 100 mM
NaCl). Further studies can focus on understanding the differences from a molecular
perspective and enhancing salt tolerance in Zinnia.
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24, 31–39. [CrossRef]
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Abstract: The objective of this work was to analyze the effect of Thidiazuron (TDZ) treatment on
floral initiation, flowering time, ornamental characteristics and physiological metabolism of potted
Dendrobium nobile. Three TDZ concentrations (200, 500 and 1000 mg L−1) were applied as solution
to water the root zone of the plants. Control plants (plants watered with water) showed a good
vegetative development but no floral branches. TDZ greatly influenced the flowering process.
For all the tested TDZ concentrations, the first flower bud occurred at 55–60 days after the last
irrigation (DAI), the highest TDZ concentration showing the major delay in its occurrence. The initial
flowering (30% of flowered plants) began 47 days after the first flower bud initiation with no statistical
differences among the treatments. Plants treated with TDZ 500–1000 mg L−1 showed the longest
period of flowering (about 32 days) and the single flowers delayed the withering of about 2–3 days
compared to the lowest TDZ treatment (200 mg L−1). The number of flowers, floral branches and
flowering percentage were distinctly influenced by the TDZ concentration. The highest percentage of
flowering (40%) was scored when plants were watered with a TDZ solution at 500 mg L−1 and this
was a performant treatment providing the best morphological flower features for the ornamental
value of this plant. Among the physiological factors affecting the flowering, this study showed that
TDZ increased the relative membrane permeability which facilitated the transport of macromolecular
flower-forming substances into and out of the membrane. Therefore, the membrane permeability
change could be an indicator of shifts in physiologically active substances during the flowering
transition process in Dendrobium nobile plants.

Keywords: Dendrobium nobile; TDZ; flower bud formation; early flowering; physiological metabolism

1. Introduction

The regulation of flowering time is an important issue to guarantee the year-round
production of ornamental crops and to enable the flower synchronization of cross-parents
for successful fertilization in a crossbreeding protocol. In addition, flower initiation is
one of the critical life-history phases for ornamental plants. Generally, the environmental
response and endogenous pathways stimulate flower bud formation to ensure successful
reproduction [1,2].

Endogenous pathways, including the genes of flowering initiation, hormones, carbo-
hydrate levels, miRNA and floral competence, form an integrated network to regulate the
flowering time [3–7]. Plant growth regulators (PGR) have been proven to act as exogenous
hormones and therefore they are widely used to interfere with floral initiation in ornamen-
tal crops [8]. Thidiazuron (TDZ), which is one of the phenylurea derivatives considered as
the most active cytokinin-like substance, acts as a multifunctional PGR in regulating floral
induction, explant regeneration and dormancy breaking, as well as the leaf postharvest
senescence process [9–11].
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TDZ successfully induced the in vitro florigens of soybean, Pennisetum glaucum, and
contributed to early flowering by shortening the required time at the vegetative growth
stage [10,12]. Normally, TDZ addition to Murashige and Skoog Medium (MS media) can
stimulate explant in vitro regeneration, resulting in adventitious shoots, callus production
and protocorm-like body (PLB) proliferation [9,13–15].

As a preservative ingredient, 100 μM TDZ applied as a foliar spray at the preharvest
stage or added in post-harvest solution significantly prolonged the vase life of Dianthus
caryophyllus [16], Gladiolus grandiflora [11] and Calendula officinalis [17] by enhancing solu-
tion uptake, superoxide dismutase (SOD) activity and membrane stability index (MSI).
Additionally, TDZ could inhibit carotenoid degradation, flower abscission and leaf senes-
cence [18,19].

Genus Dendrobium, consisting of approximately 1000 species around the world, is
mainly distributed in tropical and subtropical areas. China has more than 100 wild species
of Dendrobium, with the southwest region being particularly rich; many species have high
ornamental value [20]. D. nobile is one of the appreciated Chinese medicinal plants but it is
used in breeding programs to obtain hybrids of D. nobile ‘Spring Dream’.

Previous studies indicated that Dendrobium flowering could be influenced by TDZ
directly through in vivo application or indirectly by influencing the flowering of the ex vitro
plantlets when applied during the in vitro culture. Wen et al. (2013) proved that TDZ could
promote the flowering of D. nobile by affecting the transcriptions of some transcription
factors and signal genes [21]. Supplementing TDZ to the MS medium successfully induced
the early flowering in ex vitro plantlets of D. capra and D. nobile [22,23]. The tissue-cultured
plantlets of D. officinale produced a high percentage of inflorescences (83.2%) and normal
flowers (73.6%) provided that the in vitro culture was carried out for 9 weeks on MS
medium supplemented with TDZ 0.1 mg L−1 [24]. Some studies indicated that TDZ can
further increase the frequency of floral bud formation when used in combination with
other PGRs [10,23]. It was reported that TDZ combined with auxins such as 1-naphthlcetic
acid (NAA) and Paclobutrazol (PP333) efficiently improved floral buds compared to its
single application [22]. An optimal in vitro protocol to induce a high rate of flower buds
and blossomed flowers in tissue-cultured plants of D. officinale indicated the use of a
combination of TDZ with other PGRs (0.3 mg L−1 PP333 + 0.5 mg L−1 6-Benzylaminopurine
(6-BA) + 0.5 mg L−1 NAA + 0.06 mg L−1 TDZ) [25]. Foliar spraying and localized irrigation
at root level are appropriate methods for the in vivo application. TDZ (30 mg L−1) when
applied as foliar spray and through root zone watering was beneficial in inducing floral bud
formation but decreased the flower size and shortened the flowering duration in potted
plants of Dendrobium ‘Sunya Sunshine’ [26]. Generally, the beneficial effect of TDZ on
Dendrobium flowering is related to several factors such as the species, application method,
the concentration of this growth regulator and if it is used alone or in combination with
other PGRs.

The flowering switch in higher plants is profoundly affected by various pathways.
Usually, the plant hormone status is a traditional way to check the effects of the growth
regulator. Additionally, endogenous carbohydrate levels and some autonomous pathways
can modulate the process of floral initiation. There is little information available for TDZ
effects on floral induction and the physiological metabolism. Current evidence suggests that
carbohydrate and chlorophyll metabolisms involve the molecular regulatory mechanism
of floral initiation [24,27,28]. Generally, the transport of macromolecular flower-forming
substances in and out of the membrane could lead to the membrane permeability change.

The objective of this research was to analyze the effect of three concentrations of TDZ
applied via root irrigation on the floral morphogenesis and flowering time of D. nobile. In
particular, the flowering features and the physiological metabolism in response to TDZ
rates were studied.
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2. Materials and Methods

2.1. Plant Material and Experimental Conditions

The work was carried out in the greenhouses of the Southwest Forestry University
Department of Horticulture and Landscape Architecture, Kunming, Yunnan, China.

The experimental plant material was set with 2–3-year-old seedlings of D. nobile
obtained through in vivo division. Attention was paid to select homogeneous seedlings
(3–4 branches, 22–25 cm height) which were transplanted into pots (diameter: 18 cm)
filled with a commercial potting mix, composed of 50% coconut fiber and 50% tree bark
(NATURAL COCONUT FIBER, China). From May to September 2020, seedlings were
cultivated in the greenhouse according to standard cultivation practices (T/HCHMA 0002-
2021 Technical regulation of Dendrobium nobile) and maintained under a 65% polywoven
shading net. Then, the plants were moved to the incubator at 25 ◦C/12 ◦C (day/night)
temperature with a daily light intensity of 90 μ mol m−2 s−1, and 80% relative air humidity
(HR). After three months under these conditions, the experiment started.

The plant growth regulator TDZ (Shanghai EKEAR Biotechnology Limited, Shanghai,
China) was applied at concentrations of 200, 500 and 1000 mg L−1; plants were watered
with 220 mL solution, volume which was considered to saturate the water content of the
culture substrate. Plants watered with 220 mL water were used as the control. All samples
were subjected to initial watering on 27 December 2020 when the soil water potential
dropped at a threshold value equal to 40–50% of saturated water content. Plants were
watered every 15 days and were completely irrigated three times during the whole process.

The experimental unit consisted of 8 uniform plants and each treatment had three replicates.

2.2. Flowering and Morphological Characterization of Flowers

Plants were monitored from December 2020 to April 2021 and the morphological
observations on floral differentiation and formation were carried out after the last wa-
tering. The number of branches and the flowering characteristics were observed in each
experimental unit and recorded as number of flower spikes, number of inflorescences per
branch, number of flowers per inflorescence and total number of flowers. Early flower bud
initiation was recorded and the flowering process was followed from the first flowering
opening to the fading flowering.

When plants reached the full bloom, the flower morphology was assessed through the
length of flower inflorescence, the length and width of the petal, middle sepal and lateral
sepal and the lip height.

2.3. Physiological Characteristics Measurements

Three physiological parameters were examined at 13, 23, 33 and 102 days after the last
irrigation (DAI), corresponding to the different stages of transition from vegetative growth
to reproductive growth. More precisely, 13, 23, 33 and 102 DAI represented the time related
to vegetative bud stage (stage I), transitional stage (stage II), inflorescence development
stage (stage III) and bloom stage (stage IV), respectively.

The relative membrane permeability was assessed indirectly by detecting electrolyte
leakage or conductivity of the leaf tissues according to the method described by Sairam,
1994 [27]. The leaf tissue (500 mg) was picked and placed in 20 mL double-distilled
water (DDW) in two separate tubes. The first was incubated at 25 ◦C for 30 min and its
conductivity was recorded as C1. The second tube was incubated at 100 ◦C for 20 min
and its conductivity was designated as C2. The conductivity value was measured using
an Elico DDS-307 Conductivity meter (INESA Scientific instrument Co., Ltd., Shanghai,
China). Membrane stability index (MSI) was determined by a ratio of C1 to C2, expressed
in percent.

The relative chlorophyll content (%) was determined using a chlorophyll meter (SPAD-
502, Konica Minolta, Japan) by detecting the optical concentration difference at two wave-
lengths between 650 nm and 940 nm. SPAD value is widely used to stand for the relative
amount of chlorophyll in vivo. The fully expanded leaf from the upper one-third of the
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canopy was considered for the measurement. Three samples were randomly chosen for
measurements and 10 leaves were tested for each treatment. The chlorophyll relative
content was measured with SPAD (SPAD-502, Konica Minolta, Japan) meter from 11.00 a.m.
to 13.00 p.m. at the three above said times (13, 23, 33 DAI) and the additional time (102 DAI)
corresponding to the reproductive bloom stage. The measurement of each clean leaf was
repeated three times.

The soluble sugars were estimated by the anthrone method with glucose as the stan-
dard [28]. The leaf was sampled from the upper branch. Approximately, 10 g of tested
and fresh leaves was milled to a fine powder and dried. Each sample was obtained in
three portions, and put into graduated Pyrex tubes (150 mm × 25 mm); 5 mL distilled
water was added and sealed with sealing film. Then, it was extracted in boiling water for
30 min (twice); the extract was filtered into a 25 mL flask and the tubes and residue were
rinsed repeatedly to fix the volume on the scale. The anthrone reagent (5 mL) was pipetted
into Pyrex tubes and frozen in ice water. A 1 mL solution was layered on the acid, cooled
for 5 min and then thoroughly mixed. Afterwards, it was incubated in boiling water and
then cooled in water for 5 min. Absorbance was measured at 620 nm with a UD751GD
spectrophotometer (INESA Scientific instrument Co., Ltd., Shanghai, China) using blank as
a reference, and the standard curve was plotted with standard solution.

2.4. Data Collection and Statistical Analysis

The data collection started after the last irrigation. An axillary bud was considered
to be present when the bud reached 0.20 cm diameter. The time to reach initial flowering
and full bloom was assumed to occur when the percentage of blooming plants reached 30%
and 60%, respectively. Fading flowering was considered when 80% of the flowers withered.
The bloom duration referred to the days from the initial flowering to the fading stage. The
duration of a single flower was assessed by the average flowering period of 10 flowers
from each treatment.

The influence of TDZ was assessed by evaluating 24 plants used as the population for
the observation on the number of flowers/plant, number of flowers/inflorescence, number
of inflorescences/branch, number of floral branches/plant and number of branches/plant.
Flowering percentage for each treatment was calculated according to the formula: (Total
number of floral branches/Total number of branches) × 100. A floral bud of D. nobile usually
produces an inflorescence. The number of flowers per inflorescence was determined by the
number of flowers emerging from each flower bud.

Measurements on flower morphological characteristics were performed on 10 flowers
randomly selected from each treatment. The length of flower inflorescence, the length and
width of the petal, middle sepal and lateral sepal and the height of the lip were examined
with a vernier caliper.

The leaves for the physiological test were obtained from the upper branch [29]. Three
representative plants were randomly chosen for measurements in each treatment and
measurements for each plant were repeated three times repetitively from December 2020 to
April 2021.

The significance of TDZ rates on each growth index and physiological parameter was
assessed by one-way analysis of variance (ANOVA) using EXCEL (Microsoft Company,
Albuquerque, NM, USA). In the case of significance tests of differences, data were analyzed
using an ANOVA and Fisher’s LSD test at a significance level of 5% (p = 0.05).

3. Results

3.1. The Influence of TDZ on Flowering

Plants treated with TDZ showed a consistent flowering increase (Table 1). When
plants were watered only with water (control), no flowering was observed although plants
showed a vigorous vegetative growth. TDZ increased the number of stems bearing flowers,
the lower TDZ concentrations (200 and 500 mg L−1) being more effective.
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Table 1. Influence of TDZ treatments on vegetative growth and flowering of Dendrobium nobile plants
watered at root level with TDZ solution. The percentage of flowering was calculated according to
the formula: (Floral branches per plant/Branches per plant) × 100. Data were collected after the last
irrigation. For each variable, values followed by the same small letter are not significantly different at
p = 0.05.

TDZ Level
(mg L−1)

Number
Percentage of
Flowering (%)Flowers/Plant

Flowers/
Inflorescence

Inflorescences/
Branch

Floral
Branches/Plant

Branches/Plant

0 - - - - 92 ± 0.81 a 0.00 d
200 68 ± 0.77 b 2.60 ± 0.44 a 1.60 ± 0.38 a 24 ± 0.52 b 90 ± 0.81 a 26.84 ± 6.21 b
500 97 ± 1.01 a 1.50 ± 0.33 a 2.70 ± 0.48 a 38 ± 0.62 a 95 ± 1.05 a 40.38 ± 7.41 a

1000 52 ± 0.74 c 1.60 ± 0.34 a 1.70 ± 0.37 a 17 ± 0.40 c 87 ± 0.87 a 19.66 ± 4.89 c
LSD0.05 6.58 * 1.34 1.60 2.60 * 7.45 3.78 *

LSD0.05 means the least squared difference at the p ≤ 0.05. * means within the same column followed by different
lowercase letters are significantly different at 0.05 level of single-factor ANOVA.

Nevertheless, the number of flowers per inflorescence and the number of inflorescences
per branch showed no statistical significance for all the tested TDZ concentrations (Table 1).

Generally speaking, 55–60 days were necessary from the last irrigation with TDZ
(DAI = days after the last irrigation) to notice the first appearance of the flower buds with
significant differences among the TDZ treatments (Table 2). The time span from flower bud
appearance to the onset of flowering was the same for all TDZ concentrations tested (47 d)
as well as the time required to reach the full bloom was similar for all the TDZ treatments
(52–54 d). The highest TDZ concentrations (500 mg L−1 and 1000 mg L−1) significantly
retarded the flower withering and prolonged the flowering period, compared to the low
TDZ concentration (200 mg L−1) (Table 2). ANOVA showed that TDZ treatment had a
significantly positive impact on blooming period of single flowers too.

Table 2. Influence on flowering of Dendrobium nobile plants watered at root zone with TZD solutions.
Initial flowering and full bloom were considered when 30% and 60% of flowered plants were observed,
respectively. Fading flowering was when 80% of the flowers withered.

TDZ Level
(mg L−1)

Days after the Last Irrigation (DAI)
Flowering

Period
(No. Days)

Blooming
Period of

Single Flower
(No. Days)

First Flower
Bud Initiation

Initial
Flowering

Full Bloom
Fading

Flowering

0 - - - - - -
200 55 ± 0.32 c 102 ± 0.58 a 109 ± 0.60 a 128 ± 0.66 b 27 ± 0.32 b 20.30 ± 0.40 c
500 58 ± 0.39 b 105 ± 0.75 a 112 ± 0.66 a 136 ± 0.78 a 32 ± 0.40 a 21.70 ± 0.31 b
1000 60 ± 0.45 a 107 ± 0.79 a 112 ± 0.63 a 138 ± 0.82 a 32 ± 0.38 a 23.20 ± 0.34 a

LSD0.05 1.46 * 4.77 3.64 5.29 * 1.27 * 1.15 *

LSD0.05 means the least squared difference at the p ≤ 0.05. * means within the same column followed by different
lowercase letters are significantly different at 0.05 level of single-factor ANOVA.

3.2. The Influence of TDZ on Flower Morphology

Flower morphology of D. nobile was greatly influenced by TDZ treatments. Further-
more, the ANOVA analyses revealed that there were significant differences among the three
TDZ tested concentrations. Treatment with 500 mg L−1 TDZ had a good inductive effect
on the largest size of floral organs, including the length and height of the petal, sepal and
lip. Specifically, petal length, middle sepal length and lateral sepal length reached 5.16 cm,
5.12 cm and 4.87 cm, respectively (Figure 1). This TDZ treatment was proven to be the best
in enhancing the flower characteristics compared to the other TDZ concentrations (200 and
1000 mg L−1).

205



Horticulturae 2023, 9, 129

Figure 1. The effect of different TDZ concentrations on eight floral quantitative characteristics of
D. nobile. LSD0.05 means the least squared difference at the p ≤ 0.05. For each characteristic, different
lowercase letters are significantly different at 0.05 level of single-factor ANOVA.

3.3. Effect of TDZ on Soluble Sugar Content during the Flowering Development

According to Zhang et al. (2019), Dendrobium nobile plants sprayed with TDZ (30 mg L−1)
were able to switch to the flowering phase after one month of the treatment [26]. In our
experiment, compared to the control (plants watered only with water), TDZ significantly
affects the soluble sugar content of Dendrobium at all four developmental stages (Figure 2A).
Generally, when TDZ was applied, the soluble sugar content was significantly raised from
the vegetative bud stage to the inflorescence development stage. Plants treated with TDZ
200 mg L−1 showed an increase in sugar content over the three developmental stages
according to a linear correlation (y= 1.093x − 6.5557 R2 = 1); the highest sugar content value
(56.18 ± 0.48 mg g−1) was reached at the inflorescence development stage, and afterwards,
a significant decrease was observed (25.11 ± 0.31 mg g−1). When 500 mg L−1 TDZ was
used, a slight increase in sugar content was scored between the inflorescence development
stage (25.10 ± 0.52 mg g−1) and the bloom stage (29.09 ± 0.97 mg g−1). Plants treated with
1000 mg L−1 TDZ showed a significant decrease in sugar content from the inflorescence
development stage (40.58 ± 0.67 mg g−1) to the bloom stage (25.33 ± 0.58 mg g−1).

At bloom stage, the sugar content was almost similar in the control plants and in
plants treated with the three TDZ concentrations (Figure 2A).

These results suggest that the TZD treatment on D. nobile affected the soluble sugar
content already at the lowest TDZ concentration tested (200 mg L−1). A moderate rate
(500 mg L−1 TDZ) did not significantly upgrade the soluble sugar at the transitional stage.
Taking into consideration the floral characteristics scored when plants were treated with
500 mg L−1 TDZ, it could be argued that at this concentration, no important fluctuation of
the soluble sugar content was observed in the critical period from vegetative bud until the
inflorescence development stage.
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Figure 2. The effect of different concentrations of TDZ on the soluble sugar content (A), chlorophyll
content (B) and relative membrane permeability (C) in Dendrobium nobile. Plants were kept under a
controlled temperature in the incubator (temp: 25 ◦C/12 ◦C (day/night), light: 90 μ mol m−2 s−1,
relative air humidity (HR): 80%). For each stage, different lowercase letters indicated significantly
different means (one-way ANOVA, p ≤ 0.05). For each TDZ concentration, different capital letters
indicated significantly different means (one-way ANOVA, p ≤ 0.05).
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3.4. Effect of TDZ on Chlorophyll Content during the Flower Development

The chlorophyll relative content (SPAD value) in the control plants showed a signifi-
cant decrease until the inflorescence development stage; at the bloom stage, a significant
increase was observed in both the control and TDZ treatments (Figure 2B). Generally
speaking, and also in the TDZ-treated plants, a decrease in the SPAD values was scored
during the three developmental stages followed by a significant increase at the bloom
stage (Figure 2B). However, in the control plants, a more pronounced decrease could be
observed until the inflorescence developmental stage (17.63% decrease in SPAD value in the
control compared to 2.62%, 11.13% and 11.96% decrease in SPAD value when 200, 500 and
1000 mg L−1 TDZ was applied). At blooming stage, the leaf chlorophyll relative content in
the control and the treated plants was not significantly different (Figure 2B).

3.5. The Change in Relative Membrane Permeability

Relative membrane permeability increased significantly under the three TDZ concen-
trations and it was significantly higher than the control at all the developmental stages
(Figure 2C). Generally, the MSI% slightly decreased over the three stages until the bloom
stage; at the bloom stage, a significant increase in MSI% was scored both for the control and
the three TDZ applications; in the case of TDZ 200 mg L−1, the MSI% was stable between
the inflorescence development stage and the bloom stage. Looking at the bloom stage, it
is interesting to highlight that the MSI% significantly increased from the control until the
500 mg L−1 TDZ treatment. At this TDZ concentration, the highest values were scored and
a consequent significant decrease was then observed at 1000 mg L−1 TDZ.

4. Discussion

Flowering is a critical event which implies the transition from the vegetative to the
reproductive phase. This process is influenced by several environmental and endoge-
nous signals [30]. Among them, the effects of phytohormones on orchid flowering have
been studied [31]. TDZ applied as the only growth regulator during the in vitro propa-
gation of D. capra and D. nobile caused a low rate of flower bud formation in the ex vitro
plantlets [10,22]. Some researchers considered that a combination of various hormones was
more effective to induce the flower transition in Dendrobium. An inflorescence induction of
100% was observed when microshoots of D. wangliangii were cultured on 1/2 MS medium
with 2 mg L−1 TDZ and 0.5 mg L−1 NAA [32]. Besides NAA, paclobutrazol (PP333) was
found to be beneficial for a high frequency of floral induction. Wang et al. (2014) proved
that a combination of 0.05–0.1 mg L−1 TDZ and 1.0 mg L−1 NAA could produce more than
50% floral bud induction and 84% normal flowers in D. officinale [23]. Similarly, they could
successfully induce the early flowering if the plantlets of D. capra were in vitro cultured in
MS medium containing TDZ and NAA over an 11-month period [22]. High TDZ rates with
a warm temperature (exceeding 25 ◦C) usually led to flower deformation.

When the in vivo irrigation technique was applied, the TDZ effect could be influenced
mostly by the watering method and cultivation environment, such as substrates, air temper-
ature and humidity. Sphagna moss and coconut shell could achieve a relatively better water
holding capacity than pine bark. D. ‘Sunya Sunshine’ treated with 30–120 mg L−1 TDZ in a
combination of foliar spaying and root irrigation exhibited no significant difference in floral
induction rate, which was more than 80% in all treatments. Compared with the control
group, the flower number per inflorescence and flower size decreased and the flowering
duration was shortened [26]. Nevertheless, the floral bud formation percentage in nodes
of D. wardianum was 84.3% after in vivo spraying twice with 200 mg L−1 Paclobutrazol
(PP333) and 200 mg L−1 TDZ mixed solution in vivo [33]. It was presumed that the species
greatly determined the TDZ concentration response. Undoubtably, an appropriate rate of
TDZ would enhance the Dendrobium flower traits and the early flowering. Our research
found that a moderate rate of TDZ (500 mg L−1) could induce a high percentage of flower
formation, retard the flower withering and prolong the flowering period. Moreover, TDZ
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significantly improved the number of flowers, number of floral branches and the size of
floral organs.

Our study showed that TDZ greatly improve the blooming rate of D. nobile but, com-
pared to previous results (Zhang et al., 2019), the percentage of flowering (about 20–40% de-
pending on TDZ concentration) was poor [26]. Several reasons could account for that.
Firstly, the substrate greatly affected the TDZ effect because the pine bark reduced TDZ
adsorption. Secondly, foliar spraying combined with root irrigation, as used in the previous
studies, could better enhance the TDZ uptake and utilization with an effect on flowering
percentage. The results suggested that an integrated network constructed by different
ways of application and the use of several growth regulators could effectively regulate the
flowering transition of Dendrobium.

However, some studies revealed the adverse effect of TDZ application on abnormal
bud appearance [34,35]. No abnormal flowers of D. nobile were observed under our ex-
perimental conditions. Endogenous regulation involves many crucial chemical signals to
modulate the repression and activation of florigen gene expression, such as FLC (FLOWER-
ING LOCUS C), FLD (FLOWERING LOCUS D) and FT (FLOWERING LOCUS T) [36–38].
The previous studies revealed that TDZ upregulated flowering genes’ expression [39,40].
In orchids, a low temperature (10 ◦C) was beneficial for the vernalization of D. nobile by
upregulating the expression of DnFT and, DnVRN1 expression but decreasing DnMFT
(Dendrobium nobile FLOWERING LOCUS T) and DnVRN1 (Dendrobium nobile VERNAL-
IZATION 1) expression [40,41].

Zheng et al. 2017 reported that D. spring could not finish the floral differentiation at
26/21 ◦C (day/night). A relative low night temperature (≤17 ◦C) was conductive to its
floral initiation [42]. Tian et al. 2007 found that its floral differentiation rate could reach
64.74% at 10 ◦C for 30 d [43]. A continuous temperature of 12 ◦C at night could enhance
the flowering induction and early flowering of D. nobile in our experiment, although it
produced a relatively low flower formation rate. Further research should be carried out
to discuss whether a lower temperature could improve a high rate of floral differentiation
in Dendrobium.

Carbohydrates are believed to play a crucial role in the regulation of flowering. TPS1
(TREHALOSE-6-PHOSPHATE SYNTHASE 1) could inhibit its floral initiation regardless
of favorably inductive environmental conditions [31]. Seo et al. (2011) proved that the IN-
DETERMINATE DOMAIN transcription factor AtIDD8 regulated photoperiodic flowering
by modulating the sugar transport and metabolism of Arabidopsis thaliana [44].

In our experiment, the soluble sugar content (SSC) was correlated with the occurrence
of flower buds, whereas there was no distinct fluctuation at the transition stage. The
500 mg L−1 TDZ treatment sustained a stable level of soluble sugar content. We could
speculate that during the reproductive development, a sugar signal regulation occurred
mainly at the inflorescence differentiation and blooming phase under this average TDZ
concentration. An intensive study should be performed to obtain a sequential and dynamic
examination of its content based on the precise scheduling of the whole transition phase.

A previous study indicated that chloroplasts worked as essential sensors to cause
nuclear transcriptional changes at the developmental transition stage. In Arabidopsis, PTM,
a PHD transcription factor modulating chloroplast retrograde signaling, could mediate
the transcriptional repression of FLC through the recruitment of FVE (a component of
the histone deacetylase complex) [45]. In our research, TDZ irrigation decreased in the
chlorophyll content in D. nobile from the vegetative phase to the inflorescence development
stage (13 DAI, 23 DAI and 33 DAI). However, a more pronounced decrease was shown
in the control plants. These results seemed to be irrelevant to the flower transition. We
speculated that the chloroplast regulatory network might be involved in multiple responses
including carbohydrate synthesis and flowering gene expression. Further research is re-
quired regarding the chloroplast signaling regulatory mechanism to determine the tradeoff
between vegetative growth and reproductive growth.
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TDZ used as a preservative solution could improve the membrane integrity of cut
flowers [11,17]. In contrast to the control group, TDZ increased the cell membrane per-
meability and had a positive rate effect. TDZ facilitated the transport of macromolecular
flower-forming substances into and out of the membrane. Therefore, the membrane perme-
ability change could be an indicator of shifts in physiologically active substances during
the flowering transition process.

5. Conclusions

Investigations addressed to promote flowering in Dendrobium are well appreciated
due to the long vegetative period scored in these plants. In our experiments, we found that
the TDZ applied to water the root zone of D. nobile plants was beneficial in affecting the
flowering. In fact, the untreated plants were able to show a good vegetative growth but
no flowering. The TDZ-treated plants flowered and the highest percentage of flowering
(40%) was recorded when this growth regulator was applied at 500 mg L−1. No significant
differences were scored in the time frame necessary to reach the initial and full bloom
stage when different TDZ concentrations were tested. On the contrary, when 500 mg L−1

TDZ was applied, the important flower features able to enhance the ornamental value,
flower number and flowering period were improved. Among the different physiologi-
cal parameters studied to elucidate the positive effect of TDZ on D. nobile flowering, the
relative membrane permeability seems to account for a more efficient transport of nutri-
ents and macromolecules during the flowering process and this could explain the best
performing flowering.
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Abstract: Flower color, including color hues and spot patterns, is an extremely important trait in
Asiatic hybrid lilies. Investigating flower color variation across different cross combinations may
help us select breeding parents efficiently. Thus, three hybridizations with different compositions
of anthocyanins and carotenoids were performed, and 65, 289 and 125 offspring were obtained,
respectively. For the parents and progenies, flower color hues were quantified by the CIELAB
system, and the total number of raised spots on tepals was counted. Then, a cluster analysis and
a statistical analysis were used to explore the inheritance patterns of flower color. The results
showed that an orange flower color with high levels of carotenoids was highly heritable and that
the progenies were less segregated, showing orange, orange-red, and yellow flowers. Parents
showing red and purple-red flowers with differing levels of carotenoids and anthocyanins produced
offspring with extensive segregation, including pink-white, pink, orange-pink, orange-red, yellow,
and orange flowers. Meanwhile, different contents of anthocyanins and carotenoids resulted in
variable proportions in color groups. Additionally, for F1 generation, the number of raised spots was
continuously separated, demonstrating distinct quantitative genetic characteristics. For parents with
few or intermediate spots, the hybrid plants showed both prominent negative and positive heterosis.
For parents with many spots that covered almost the full tepals, the hybrid seedlings all exhibited
raised spots.

Keywords: Asiatic hybrid lilies; flower color; raised spots; CIELAB color system; anthocyanins; carotenoids

1. Introduction

Lilium is a major commercial floricultural crop around the world, due to its large,
showy, fragrant, and multicolored flowers. The genus, which includes 110–115 species,
is classified into eight sections, including Sinomartagon, Martagon, Pseudolirium, and oth-
ers [1–3]. Interspecific and intersection hybridizations are the principal methods used for
lily breeding [4–6]. Currently, more than 10,000 cultivars are registered with the Royal
Horticulture Society, which are classified into different established hybrid groups, such as
Asiatic, Oriental, and Longiflorum hybrids [7].

Asiatic hybrid lilies refer to the large hybrid population in the Lilium genus, which is
derived from interspecific crosses of the Sinomartagon section [4]. These lilies are popular
and are widely cultivated for landscaping due to their extensive variation in flower color [8],
which is one of the most important characteristics determining the commercial value of
lilies. Anthocyanins [9] and carotenoids [10–12] are the main pigments accumulated in
their flowers. Generally, anthocyanins are responsible for pink colors, whereas carotenoids
are primarily responsible for orange and yellow hues, and a combination of the two is
responsible for red hues [9,10,13–15].
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Some lily breeders have focused on the heredity of flower color hues for Asiatic hybrid
cultivars to improve the aesthetics of their flowers. It was found that in orange × yellow
and orange × orange crosses, the seedlings primarily bore orange flowers, and a few of
them showed yellow flowers. For example, hybrids with orange-red as their dominant
flower color were produced when the orange-red-flowered cultivars (‘Compass’, ‘Gran
Paradiso’ and ‘Alisa’) were selected as parents [16]. The yellow-flowered Asiatic hybrid
cultivar ‘Dreamland’ was crossed with the orange-flowered wild species L. lancifolium to
produce F1 plants with flowers showing varying degrees of orange and a few individuals
with yellow flowers [17]. Similarly, ‘Kotnali’, an orange-flowered cultivar, and ‘Tiny Bee’, a
yellow-flowered cultivar, were crossed to produce hybrid progeny, which separated into
plants with orange and yellow flowers [18]. Furthermore, the offspring from the following
crosses, white × salmon-orange, orange-red × pink, and pink × orange, displayed parental
codominance for the color hues. In the cross between ‘Olga’ (apricot-white) and ‘Arabeska’
(salmon-orange), the progenies showed flowers with intermediate hues of rosy-pink, apri-
cot, and salmon-orange [16]. Progenies of the cross between the pink-flowered Asiatic
hybrid cultivar ‘Renoir’ and the orange-flowered wild species L. davidii var. willmottiae
presented flowers with different degrees of pink, orange-pink, and yellow [19]. However,
due to the lack of hybrid populations and quantitative descriptions, the separation regular-
ity of flower color controlled by different compositions and contents of anthocyanin and
carotenoid remains unclear.

Currently, the quantification of color phenotypes is an important and objective method
for defining flower color. The CIELAB (International Commission on Illumination L*a*b*)
scale has been widely utilized in quantifying flower and fruit color phenotypes. The
CIELAB color system is a color space that characterizes certain colors into geometric
coordinates by employing the coordinate axes L*, a*, and b*, which represent lightness,
redness (red to green), and yellowness (yellow to blue), respectively [20,21]. As this
color system can measure the target color rapidly and precisely using colorimetry, it is
frequently used in the determination and classification of flower color hues in ornamental
plants, such as Magnolia biondii, Alstroemeria pallida, Narcissus, Rhododendron, Hemerocallis,
Chrysanthemum, Zantedeschia hybrida, Gerbera hybrida, rose, and Lilium [22–31].

In addition to color hues, spot patterns, including raised spots (also known as papil-
lae), splatter-type spots, and brush marks, are also important factors affecting flower
color [8,32–34]. Among them, raised spots are a unique pigmentation morphology in
lilies [35]. The interior surfaces of tepals are raised to develop bumps where parenchymal
and epidermal cell numbers increase and anthocyanin pigments accumulate [36]. Several
studies have focused on the heredity of raised spots. In the Asiatic hybrid lily crosses with
spotted cultivars (‘Montreux’, ‘Renoir’, and ‘Orlito’) × a non-spotted cultivar (‘Connecticut
King’), F1 plants with and without spots segregated at a 1:1 ratio, which indicated that
the presence or absence of raised spots was regulated by a single locus [32,35]. Moreover,
progenies of the cross between the ‘White Fox’ (no spots) and the ‘Connecticut King’ (no
spots) showed that the segregation ratio of individuals with and without spots was 1:3,
which suggested that a pair of alleles suppressed spot formation [37]. However, Zhao et al.
reported that dominant genes promote spot formation in Asiatic hybrid lilies [38]. Addi-
tionally, the raised spot patterns on the perianths of Asiatic hybrid lilies are multifarious.
They range in distribution from the basal part and marginal zone to half the tepals and
almost the full tepals. Therefore, to clarify the intricate inheritance patterns of raised spots
in lilies, more hybrid combinations and larger F1 populations are imperative.

In the present research, four Asian hybrid cultivars with different flower colors were
selected as parents to design three cross combinations. The pink-white-flowered cultivar
‘Easy Waltz’ (no carotenoids, medium anthocyanins, few spots) was used as the maternal
parent in three combinations. The orange-flowered cultivar ‘Tresor’ (high carotenoids, no
anthocyanins, intermediate spots), the red-flowered cultivar ‘Red Life’ (high carotenoids,
medium anthocyanins, many spots), and the purple-red-flowered cultivar ‘Pearl Loraine’
(low carotenoids, high anthocyanins, intermediate spots) were all used as paternal parents
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(pigment composition and content from Wang et al., 2021 [39]). The flower color (color hues
and raised spots) of hybrid plants was determined. Then, according to the color phenotype,
a cluster analysis and a statistical analysis were used to explore the heredity and variation
of these decorative features for the three combinations. The objective of this study was to
better understand the flower color changes from the different combinations of pigment
composition and content in Asiatic hybrid lilies. The results could provide some insights
into how to select parents to develop more lily cultivars with high aesthetic value.

2. Materials and Methods

2.1. Plant Materials

Four Asiatic hybrid cultivars with different flower colors were used as parents to
obtain hybrid populations (Figure 1). Three cross combinations, ‘Easy Waltz’ × ‘Tresor’,
‘Easy Waltz’ × ‘Red Life’, and ‘Easy Waltz’ × ‘Pearl Loraine’, were performed, and 65, 289
and 125 seedlings were obtained, respectively (Table 1). All the cultivars were tetraploid
(2n = 4x = 48). The hybrid seeds with embryos were stored in sand at 4 ◦C for a month.
Then, they were sown and grown for three years until blossoming occurred. All these
materials were grown in the germplasm resource nursery of Beijing Forestry University.

Figure 1. The parents of hybridizations. ♀: maternal parent; ♂: paternal parent.

Table 1. Pigment composition and content of parents and number of F1 hybrids in three cross
combinations.

No.
Cross

Combination
♀

Pigment
Composition
and Content
(μg/g, DW)

♂
Pigment

Composition
and Content
(μg/g, DW)

Hybrid
Number

1 EW01 ‘Easy Waltz’

no carotenoid
medium

anthocyanin
(94.36 ± 7.36)

‘Tresor’
high carotenoid
(141.38 ± 5.32)
no anthocyanin

65

2 EW02 ‘Easy Waltz’

no carotenoid
medium

anthocyanin
(94.36 ± 7.36)

‘Red Life’

high carotenoid
(120.78 ± 9.56)

medium
anthocyanin

(91.33 ± 3.94)

289

3 EW03 ‘Easy Waltz’

no carotenoid
medium

anthocyanin
(94.36 ± 7.36)

‘Pearl Loraine’

low carotenoid
(4.66 ± 0.16)

high
anthocyanin

(144.43 ± 2.51)

125

Total 479

Note: pigment composition and content from Wang et al., 2021 [39]. DW, Dry weight.

2.2. Flower Color Measurement

The fresh tepal colors of all hybrids and parents were measured using a colorimeter
(NF555, Nippon Denshoku Industries Co., Ltd., Tokyo, Japan) under a C/2◦ light source.
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The inner tepals were placed on clean white paper, and the light source was aligned to
the central part of the adaxial surface (Ad. 24), based on The International Union for the
Protection of New Varieties of Plants [40]. The measurement was repeated three times. The
average values of the color parameters, L*, a*, and b*, of the CIELAB system were obtained.
In this system, the parameter L* value indicates lightness, ranging from 0 (black) to 100
(white). The parameter a* value represents redness, with positive values for red colors and
negative values for green. The parameter b* value represents yellowness, with positive
values for yellow colors and negative values for blue [20,41]. In addition, the total numbers
of raised spots (abbreviated as SN) on the inner and outer tepals were counted in sequence.
For the parents, the average of the spot numbers of the three individuals was calculated.

2.3. Statistical Analysis

Basic data management and statistics were performed using Microsoft Office Excel
2016. Maximum, minimum, and mean values, and the standard deviation of crossing
parents and hybrids were calculated using the SPSS 25 software. The following formulae
were used to determine the mid-parent value (MPs), index of heterosis (Hi), and coefficient
of variation (CV):

MPs =
P1 + P2

2

Hi =
X

MPs
× 100%

CV =
σ

X
× 100%

where P1 and P2 represent the values of the parents, X represents the mean value of the
hybrids, and σ is the standard deviation. Then, cluster analysis (between-group linkage,
squared Euclidean distance) with L*, a*, and b* values of all hybrids was carried out
using SPSS 25 software. Finally, box plots, three-dimensional coordinate scatterplots, and
frequency distribution histograms were all created using the Origin 2021 software.

3. Results

3.1. Colorimetric Evaluation and Numerical Classification of the Hybrids

The cluster analysis with L*, a*, and b* values for all 479 F1 hybrids divided them
into 6 flower color groups (Euclidean distance = 7.5), including orange (236 individuals),
pink (18 individuals), pink-white (27 individuals), yellow (43 individuals), orange-pink
(134 individuals), and orange-red (21 individuals) (Figure 2). The flower color groups
accounted for 49.27%, 3.76%, 5.63%, 8.98%, 27.97%, and 4.38% of the total
hybrids, respectively.

Subsequently, to clearly describe and distinguish the flower color characteristics of
the 6 groups, box plots were created (Figure 3). The color coordinates showed that the L*
values of hybrids ranged from 30.71 to 83.19. The L* values of the pink-white and yellow
flower color groups were higher than those of the other groups, while that of the orange-red
flower color group was the lowest. The a* values varied from −2.68 to 38.41; the orange-red
flower color group had the highest a* value, while the yellow and pink-white groups had
the lowest. The b* values ranged from 2.98 to 73.35, and that of the orange flower color
group was the highest, with an order of orange > yellow > orange-red > orange-pink >
pink > pink-white. Furthermore, although the distribution areas of the b* values of the
pink-white and pink flower color groups overlapped, their a* value distributions were
obviously different. Similarly, the orange-red and orange-pink flower color groups could
be distinguished based on the a* value regions, even though their b* values overlapped.
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Figure 2. The cluster analysis with L*, a*, and b* values for 479 F1 hybrids. The left part of this
figure represents the cluster graph based on the flower color data (L*, a*, and b* values) of each F1
individual; the middle part of this figure represents an enlargement of the partial branches of the
cluster graph; the right part of this figure displays typical pictures of the 6 color groups (n represents
the number of individuals in each group).

Figure 3. Box plots of different color groups for F1 hybrids with L* (A), a* (B), and b* (C) values.
X-coordinate: 6 color groups; Y-coordinate: color space value L*, a*, and b*.
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3.2. Variation in Flower Color of the Cross Combinations

To clarify the flower color diversity of F1 hybrids among the three combinations, we
determined the sizes of the flower color groups for each cross (Table 2). The typical pictures
of different color groups in each combination were shown (Figure 4). Meanwhile, the
color space values, L*, a*, and b*, of the progeny from each combination were assigned
three-dimensional coordinates (Figure 5).

Table 2. The flower color segregation of F1 plants for three cross combinations.

Cross
Combination

Pink-
White

Pink
Orange-

Pink
Orange-

Red
Yellow Orange

EW01 0 0 0 6 2 57
EW02 4 11 80 14 21 159
EW03 23 7 54 1 20 20

For the EW01 combination, there were three flower color groups (Figures 4A and 5A),
including orange-red, yellow, and orange. The orange flower color group was the largest
(Table 2). The offspring of EW02 were divided into 6 flower color groups (Figures 4B and 5B),
which were orange, orange-pink, yellow, orange-red, pink and pink-white in order of
proportion. Among them, the pink and pink-white groups had the lowest numbers of
individuals, 11 and 4, respectively (Table 2). Progenies of EW03 were also divided into
the same 6 flower color groups (Figures 4C and 5C). The orange-pink group accounted
for the largest proportion, followed by the pink-white group, while the orange-red group
accounted for the smallest proportion (Table 2).

Thus, compared with those of EW01, the progeny plants of EW02 and EW03 had more
extensive and abundant variation in flower color. Comparison between EW02 and EW03
showed that the proportions of offspring in the six flower color groups were different.

To elucidate the inheritance of flower color, we investigated the variation and distri-
bution of floral color measurement indices (L*, a*, and b* values) for the parents and their
offspring (Figure 6). Comparing the L* values of the three combinations, we discovered
that the averages of the L* value for the offspring (66.45, 65.22, and 68.12, respectively)
were closer to that of the maternal parents (68.25). In contrast, the a* value distributions
of the hybrids from the three hybridizations (−1.14~38.41, −1.15~38.41, and −2.68~28.77,
respectively) fell within those of the parents, and the average a* values (12.02, 13.09, and 8.1,
respectively) were closer to that of the maternal parent (the low-value parent). The average
b* values for the three combinations (51.16, 37.6, and 25.66, respectively) were higher than
those of the paternal parents (the high-value parent). More than half of the individuals in
each cross combination (75.38%, 84.43%, and 69.60%) showed transgressive segregation of
b* values.
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Figure 4. The typical pictures of different color groups in each combination. (A–C): F1 plants of
EW01, EW02 and EW03; The F1 plants color groups are arranged from low to high according to the
b* value.
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Figure 5. Three-dimensional (L*, a* and b*) coordinates of F1 plants in each combination. (A–C): F1
plants of EW01, EW02, and EW03, respectively.

Figure 6. Box plots showing the variation and distribution of flower color data (L*, a*, and b* value)
of parents and hybrids in three combinations. (A–C): L*, a*, and b* value distribution in combinations
of EW01, EW02, and EW03; X-coordinate: parents (♀, maternal parent; ♂, paternal parent) and F1
plants; Y-coordinate: L*, a*, and b* value, respectively.
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3.3. Variation in Raised Spots on Tepals of Hybrids from Different Cross Combinations

Spot patterns constitute an important trait affecting flower color. In the present
study, the tepal spot type for all parents and hybrids was raised spots. To understand the
inheritance patterns of raised spots, we measured and evaluated the spot numbers of the
parents and hybrids in each combination.

For the maternal parent, the average number of spots was 15, while that of the paternal
parent was variable. In the EW01 and EW03 hybridizations, ‘Tresor’ and ‘Pearl Loraine’
had similar average numbers of spots, 147 and 164, respectively, which were distributed
mainly in the basal area and marginal zone of the perianths (Figure 1) (Ad. 28) [34]. For F1
plants of these two combinations, the presence and absence of raised spots were separated
at a ratio of 5:1 (54:11) and 4:1 (98:27), respectively (Table 3). However, in the EW02 cross,
‘Red Life’ had an average of 437 spots, which almost covered the entire perianth (Figure 1).
The tepals of all EW02 hybrids exhibited raised spots (Table 3).

Table 3. The spot numbers of cross parents and different hybrid populations.

Cross Com-
bination

The Average Spots Number of Parents Hybrids

♀ SN ♂ SN
No. without

Spots
No. with

Spots
Proportion

EW01 ‘Easy Waltz’ 15 ‘Tresor’ 147 11 54 1:5
EW02 ‘Easy Waltz’ 15 ‘Red Life’ 437 0 289 ——

EW03 ‘Easy Waltz’ 15 ‘Pearl
Loraine’ 164 27 98 1:4

Note: SN, spots number.

Afterward, to investigate the effect of the parents’ spot number on genetic segregation,
the frequency distribution of spot numbers in the F1 generation were analyzed (Figure 7),
and a heterosis analysis of the spot numbers in the three cross combinations was performed
(Table 4). For all three combinations, the number of raised spots on tepals was continuously
separated in the F1 generation (Figure 7), which showed clear quantitative genetic charac-
teristics. The mean values of the offspring of all combinations were close to the mid-parent
values. However, for the CV index, EW02 had the lowest value, followed by EW01 and then
EW03 (Table 4). In EW02, spot number showed a normal distribution, and the numbers
of almost all F1 plants were within the ranges of their parents’ numbers (Figure 7B), i.e.,
98.27% of progenies showed a distribution concentrated between those of their parents
(Table 4). In EW01 and EW03, spot number showed an obviously skewed distribution
(Figure 7A,C). For the indices of BLP and OHP, 20.00% and 24.62% of the progenies of
EW01 and 29.60% and 17.60% of the progenies of EW03 exhibited transgressive segregation
(Table 4).

Table 4. Heterosis analysis of spots number in three cross combinations.

Cross
Combination

Parent F1

Hi/%
Hybrid Ratio/%

♀ ♂ MPs ¯
X ± σ Range CV/% BLP/% BP/% OHP/%

EW01 15.00 147.00 81.00 88.14 ± 84.04 0.00~339.00 95.35 108.81 20.00 55.38 24.62
EW02 15.00 437.00 226.00 219.38 ± 89.92 2.00~526.00 40.99 97.07 0.35 98.27 1.38
EW03 15.00 164.00 90.00 81.49 ± 82.98 0.00~341.00 101.83 90.54 29.60 52.80 17.60

Note: MPs, mid-parent value; X, mean value; σ, standard deviation; range, from minimum to maximum; CV,
Coefficient of Variation; Hi, index of heterosis; BLP, percentage of F1 individuals below low-value parent; OHP,
percentage of F1 individuals over high-value parent; BP, percentage of F1 individuals distributed between parents.
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Figure 7. Frequency distribution diagrams of raised spots number (SN) for F1 plants. (A–C): spots
number of F1 plants in combinations EW01, EW02, and EW03; X-coordinate: spots number (SN);
Y-coordinate: frequency; F1 and X: mean value of hybrids; σ: standard deviation; n: number of
individuals; Pm: spots number of maternal parent; P1, P2, and P3: spots number of paternal parents
in EW01, EW02, and EW03.

4. Discussion

Conventional crosses, including interspecific and intraspecific hybridization, are the
main way to create new lily cultivars with distinctive flower colors. Thus, understanding
the heredity of flower color can save lily breeders much time, trouble, and effort in selections
among several thousand plants [16]. It is well known that the composition and content of
anthocyanins and carotenoids mainly affect the flower color hues of Asiatic hybrid lilies [8].
Therefore, cultivars with four different flower colors and different types and concentrations
of pigments were selected as parents. For the cross EW01 between parents with pink-white
(no carotenoids, medium anthocyanins) and orange (high carotenoids, no anthocyanins)
flowers, the primary flower color of F1 plants was orange. The similarity of this finding with
those of previous studies [17,18] suggested that high carotenoid levels were highly heritable
and that the progenies were less segregated in flower color. For the crosses EW02 and EW03,
the simultaneous presence of both carotenoids and anthocyanins in the paternal parent’s
tepals produced offspring with extensive flower color segregation (Figure 4B,C). Meanwhile,
different contents of anthocyanins and carotenoids resulted in variable levels of progeny
isolation. As the carotenoid content decreased and the anthocyanin content increased in
the parents, the proportions of the pink and pink-white flower color groups increased in
the offspring, while that of the orange flower color group decreased (Table 2). Therefore,
these results provide guidance on the selection of parents in cross-breeding practices, e.g., if
our desired character is light-colored flowers, such as pink or pink-white flowers, varieties
with low carotenoids and high anthocyanins should be selected as parents. When we wish
to create deep-colored flowers, such as orange-red flowers, varieties with high levels of
carotenoids and anthocyanins should be chosen for artificial crosses. Furthermore, if a cross
between cultivars with high carotenoids is conducted, the majority of the first generation
(F1) seedlings will predominantly produce flowers that are orange in hue, and very few
will display yellow flowers.

Moreover, numerous studies have reported close relationships between color space
values (L*, a*, and b*) and the contents of anthocyanins and carotenoids. In Chrysanthemum,
there was a significant negative correlation between L* and a* [27,42], which was consistent
with the results presented in Figure 3A,B from our research. The pink-white and pink flower
color groups had the highest L* value and the lowest a* value, whereas the orange-red
group had the lowest L* value and the highest a* value. In addition, it was discovered that
a* and b* were strongly positively correlated with total anthocyanins and total carotenoids,
respectively [27,43]. In sweet-orange, there was a significant positive correlation between
a* and total carotenoids [44]. According to these findings, the variation and distribution of
the flower color measurement indices, L*, a*, and b*, of parents and offspring were investi-
gated to determine the inheritance patterns of the pigments (Figure 6). Among the three
combinations, the average b* value in the hybrids was higher than that in the high-value
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parent (Figure 6, b*), suggesting that carotenoids exhibited transgressive segregation. The
offspring of EW01 had the largest b* value (Figure 6, b*), followed by those of EW02 and
then EW03, which may explain why the last two hybridizations produced offspring with
more flower colors. The average a* value of the F1 plants was closer to that of the low-value
parent than to that of the high-value parent (Figure 6, a*), indicating that the effect of
anthocyanins on progeny flower color separation was weaker than that of carotenoids.
Furthermore, the discovery that L* was negatively correlated with total anthocyanins and
total carotenoids [44,45] may also explain why the average L* value of F1 plants was closer
to that of the maternal parent (Figure 6, L*). Although our research provides fundamen-
tal information on the inheritance of pigments, how the metabolic pathways of antho-
cyanins and carotenoids interact to regulate flower color requires in-depth investigation in
future studies.

In addition to color hues, raised spots on tepals are a significant component influencing
flower color [8,32]. Investigating the inheritance patterns of raised spots in lilies is an
important issue. Several studies have reported that the presence or absence of raised
spots is regulated by a single locus [32,35]; however, whether dominant or recessive alleles
regulate spot formation remains unclear [37,38]. In the present research, the crosses ‘Easy
Waltz’ (with few spots, n = 15) × ‘Tresor’ (with intermediate spots, n = 147), and ‘Easy Waltz’
(with few spots, n = 15) × ‘Pearl Loraine’ (with intermediate spots, n = 164) yielded F1 plants
with and without raised spots separated at a ratio of 5:1 (54:11) and 4:1 (98:27), respectively.
For the cross ‘Easy Waltz’ (with few spots, n = 15) × ‘Red Life’ (with many spots, n = 437),
the tepals of all F1 hybrids exhibited raised spots. It follows that dominant genes promote
spot formation in Asiatic hybrid lilies. The discrepancy with previous results [37] may be
due to the complex chromosomal ploidy and genetic background of lilies. Additionally,
the number of the F1 plant spots segregated continuously, showing quantitative genetic
characteristics (Figure 7) consistent with the findings of previous studies [32,35]. These
results have implications for breeding, i.e., if varieties with few/intermediate spots are
selected as parents, the progeny will be spotless or will have more spots than the parents.
If our goal is to select new cultivars with numerous spots covering the full tepals, multi-
spotted varieties are a better choice as parents.

5. Conclusions

In conclusion, anthocyanins and carotenoids are responsible for regulating the com-
plex flower color of Asiatic hybrid lilies. It is crucial to clarify how parental pigment
composition and content influence the separation of flower colors in offspring. Our re-
search revealed that a high carotenoid content was highly heritable and that cultivars
with this trait generally generated offspring with orange flowers. When the parents have
differing levels of carotenoids and anthocyanins, the progenies exhibit more extensive color
segregation and variable proportions of color groups. Additionally, the number of raised
spots was a quantitative trait regulated by multiple genes, and dominant alleles promoted
spot formation. These patterns of inheritance can help breeders predict the outcomes of
particular crosses. Meanwhile, they will contribute to the breeding of novel lily cultivars
with high aesthetic value.
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Abstract: Breeding and selection of nursery plants require evaluation of a wide variety of traits.
Characteristics that are visually scored in the field include aesthetic beauty as well as tolerance to
(a)biotic stresses, among others. This work proposes methodologies based on vegetation indices and
canopy height data derived from visual imagery captured using an RGB (red, green, blue) camera
embedded in a drone to rank and select genotypes. This approach relies on quantitative evaluation
standards that exclude breeder bias and speed up data collection. A proof of concept for nursery
plants was developed in two woody ornamentals: sweet box (Sarcococca Lindl.) and garden rose
(Rosa L.). This work aimed to compare methodologies and to propose how drones (unmanned aerial
vehicles, UAV) and high throughput field phenotyping (HTFP) can be used in a commercial plant
selection program. Data was gathered in 2019 in three well-established breeding trials, two for
sweet box and one for rose. Characteristics discussed include plant architecture traits such as plant
height and shape in the sweet box and rose as well as floribundity, continuous flowering and disease
resistance in roses. Correlations were calculated between on-ground measurements and UAV-derived
methods, obtaining significant results. The advantages and disadvantages of the methodology and
the approach for each of the traits are discussed.

Keywords: UAV; drone; image analysis; HTFP; nursery plant; ornamental; plant breeding; plant
architecture; flowering; disease resistance

1. Introduction

Interest in and the use of drones (unmanned aerial vehicles, UAV) have dramatically
increased over the last decade. Advances have been made in the development of image
capture, open-source spatial data analysis tools, and (affordable) sensors, creating many op-
portunities for more in-depth non-destructive high throughput field phenotyping (HTFP).
These advances can accelerate breeding and selection [1,2]. Particularly when using UAV,
images can be collected at a higher spatial and temporal resolution than with other remote
sensing platforms. Drones and other proximal sensing installations equipped with sensors
are widely used in agronomic crops to monitor crop growth and development [2]. More
specific applications for agricultural crops include biotic and abiotic stress detection [3–6],
biomass estimation and agricultural traits [7–10], ground cover estimation and growth
monitoring [11,12], grain yield prediction [13] and evaluation of other yield components
such as spike density and number of kernels [14,15], among others.

In horticulture (including cultivation of woody ornamentals and nursery plants), crop
monitoring, pesticide treatments, crop inventory, sales and marketing, phenotyping, and
selection of traits in breeding programs would benefit from increased automation [16].
However, the use of UAVs in horticulture is not largely exploited, mostly due to the
small size of production areas and the diversity of crops and cultivation systems [16]. In
addition, for nursery plants, market shares of individual crops are sometimes too limited
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to justify the use and costs of these technologies. Currently, the use of drones is limited
to economically important fruit trees and orchards [17] to study water stress (in vines,
olive, citrus, almond, apricot, peach, lemon, and orange orchards), to monitor diseases
to support spray management decisions (in olive orchards and vineyards), to monitor
the crop and weeds (in vineyards, apple, orange, and olive orchards) ([16] and references
herein), to evaluate tree architecture and flowering (in almond [8]), to estimate height and
site-specific crop management (of grapevine [7]), and to evaluate the impact of different
pruning strategies on canopy area, tree height and crown volume (plant architecture) over
time (in olive production or breeding [18–20]).

For woody ornamentals, to the best of our knowledge, small UAVs have only been used
to identify water-stressed and non-stressed containerized ornamental shrubs of 6 different
species [21], to count plants [22], and remotely sensed images were used to assess the
effect of irrigation salinity on Hibiscus rosa-sinensis L. and Mandevilla splendens (Hook.
f.) Woodson [23]. Furthermore, only a few lab-scale phenotyping studies in breeding
programs of woody plants have been done using image capture and analysis in roses [24],
Rhododendron L. [25,26], and Escallonia Mutis ex L.f. [27,28]. The use of drones in woody
ornamental breeding programs is not reported, although it could improve and, in some
cases, even speed up the multi-year breeding and selection process. For many phenotypic
parameters, quantitative and objective evaluation standards can be improved by using
image analysis [29], which excludes visual selection and breeder bias. The major cost areas
of phenotyping are plant handling and labor; total costs per pot or microplot are similar
in robotized platforms or field experiments with drones and hand-held or robotic ground
vehicles [30]. The cost of vehicles carrying sensors is only 5% to 26% of the total cost, and
data analysis represents 10% to 20% of the total costs in cases where pipelines are already
available. Although there is an initial high cost for pipeline development compared to labor
costs of manual operations [30], this will result in usefully integrating the enormous volume
and velocity of imaging and remote-sensing data generated by automated phenotyping
into breeding programs.

In this study, we aim to discuss the use of UAV-based image analysis on relevant
traits for woody ornamental nursery plants to support selection in breeding programs.
Case studies were developed on Sarcococca spp. (sweet box or Christmas box) and Rosa
hybrids (garden roses) represent two important segments for nursery plants, evergreen and
flowering shrubs. Sarcococca is a genus of 11 species in the family Buxaceae that contains
evergreen, winter-flowering shrubs with strongly scented flowers. Species are cultivated to
be used as a groundcover or are planted as low hedges. Sarcococca breeding mainly focuses
on growth habits, i.e., compact growth, round shape, uniformity, and leaf greenness [31].
For garden roses, besides selection for positive and novel traits such as attractive flower
color and flower shape, disease resistance (e.g., resistance to black spot, Diplocarpon rosae
Wolf, a cause of leaf drop), uniform plant architecture and flowering characteristics like
floribundity (the abundant production of flowers on each branch), and continuous blooming
are the most important traits in breeding [32]. In ongoing breeding programs in Sarcococca
and garden roses, a UAV equipped with an RGB (Red, Green, Blue) camera and subsequent
image analysis was evaluated to determine plant density and compactness in Sarcococca. It
was also evaluated its value in assisting in the selection of garden roses for plant architecture,
flowering, and disease resistance. The correlation between on-ground measurements and
data obtained from UAV image analysis was examined. Based on these experiences and
observations, best practices, and recommendations for setting up UAV experiments for
woody ornamentals are presented and discussed below.

2. Materials and Methods

2.1. Plant Material and Field Trials

For Sarcococca, different species were used as parent plants in the breeding program:
confusa Lindl. (S1, S12), saligna (D. Don) Mull.-Arg. (S4, S10), wallichii Stapf (S5), ruscifolia
Stapf var. chinensis (S6), ruscifolia ‘Dragon Gate’ (S7), hookeriana Baill. var. digyna (S08),
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hookeriana var. humilis (S9), orientalis Wu (S3, S11), humilis Stapf (S16) [31]. Seeds from
interspecific crosses and open pollinations were harvested and sown (summer of 2014 and
2015) as described in [31]. Year-old seedlings were planted on the field (spring 2016 or 2017)
under natural conditions (Melle, Belgium, lat. 50.59 N, long. 3.47 E) at a planting distance
of 30 cm. Morphological examination (see below) was performed in 2019 on individual
genotypes that are two (Experiment 1, SarcoE1) or three (Experiment 2, SarcoE2) years
established on the field (Figure 1). Field trials are composed of 552 plants in SarcoE1 and
583 plants in SarcoE2 (Table S1).

 

Figure 1. (A) Location of the two Sarcococca trials; (B) Sarcococca plants in the field; (C) SarcoE1
and SarcoE2 indicated with black dashed lines; and (D) close-up of the established plants (from the
location marked in C with a black rectangle).

Cultivation of the rose genotypes was started in the winter of 2015–2016 by planting
the rootstock Rosa canina L. ‘Pfänder’ in seven rows on a selection field (Melle, Belgium lat.
50.59 N, long. 3.46 E). In July 2016, the rootstock was budded with 87 different floribunda
and shrub rose genotypes obtained from cross hybridizations created in the years 2007
to 2014. Seedlings obtained from cross hybridizations were clonally multiplied by winter
grafting in the first year after sowing and T-budding in July of all following years. During
the winter prior to the UAV flights and on-ground evaluation, the plants were pruned to
approximately 20 cm. Plants of the same genotype (between 1 and 51 plants/genotype)
succeed each other in a row. Seventy-five rose genotypes with more than seven plants
(in total, 1646 plants) were included in the observations. The three-year-old plants were
evaluated per genotype with UAV imagery and on-ground observations in 2019. An
overview of the trial is shown in Figure 2.

For both plant species, Sarcococca and Rosa, morphological characteristics were eval-
uated as described in Table 1. In the rose field, the plants were evaluated per genotype,
whereby one genotype was represented by different cloned plants, while for Sarcococca,
each plant was evaluated as an individual genotype.
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Figure 2. (A) Location of the rose trial; (B) Orthophoto of the entire trial based on a UAV flight done
on 1 July 2019; (C) detail of a part of the trial with polygons defining the different genotypes.

Table 1. Overview of the morphological characteristics evaluated for Sarcococca and Rosa.

Case Study Measured Plant Traits

Plant Architecture Flowering Disease Resistance

Sarcoccoca Plant height
Plant shape

Rosa Plant height Floribundity Black spot resistance
Plant uniformity Continuous flowering

2.2. On-Ground Morphological Measurements

For Sarcococca, an evaluation was made for plant architecture based on plant height
and plant shape. For this, the maximum plant height (GR_Hmax = height of the longest
branch, measured from the soil to the top of the branch), average plant height (GR_Hmean
= height of the plant measured from the soil to the top of the plant excluding protruding
branches) and plant width in two perpendicular directions (in the direction of the line and
90◦, GR_W1 and GR_W2) were manually measured on the individual plants using a ruler.
In June 2019, 94 genotypes from SarcoE1 and 583 from SarcoE2, and in September 2019,
only 94 genotypes from SarcoE1 were measured. Manual on-ground plant area (GR_Area)
was calculated by multiplying the two plant widths (Table S2).

In the rose trial, on-ground measurements for plant architecture were based on two
parameters: plant height and plant uniformity (Table S2). On 5 September, canopy height
and height uniformity were assessed for the 75 individual genotypes of the rose breeding
trial. Canopy height (GR_Hmax) was measured using a ruler from the soil to the top of the
plant. Plant height uniformity (GR_U) was scored in the week of 5 September using a range
between 0–3, whereby uniformity was lowest with a score of 0 and highest in plants with a
score of 3. Floribundity was quantified by the visual evaluation of flower abundance at a
single time point. Floribundity at consecutive time points during summer is used to assess
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continuous flowering. On-ground scoring of floribundity was done by estimating the total
number of flowers showing color or the amount of color on the plant as a percentage in
10% steps. Another scoring evaluated the flowering stages whereby a total score of 100% is
divided over 4 stages: (1) no buds, (2) buds, (3) open flowers, and (4) faded flowers. This
makes it possible to estimate repeated flowering as, ideally, the plants develop new buds as
the old buds fade. Data for floribundity were collected during week 32 (5 August). Data for
flowering stages in week 28 (8 July ), week 32 (5 August), and week 36 (2 September). The
assessment of black spot infestation on the rose genotypes was scored using two parameters.
Typically, the disease appears during the rainy period in autumn, starting at the bottom of
the plant and traveling upwards, with black leaf spots first developing, followed by the
leaf drop. Therefore, the first score is related to the detection of black spots on the leaves
(leaf spot, GR_BSS). The leaf spot score ranges from 0 to 3, with 0 indicating no black spots
present on the leaves and 3 indicating a severe infestation. The second score is based on the
resulting effect of the black spot disease being early leaf drop (GR_BSD) and showing only
bare stems too early in the season. The leaf drop score ranges from 0 to 3, with 0 indicating
no leaf drop and 3 indicating severe leaf drop. Plants infected by rust earlier in the season
were excluded from the analysis. Thus only 66 genotypes were scored. Black spot was
scored on 20 August (early disease development) and 15 October (full disease pressure).

2.3. UAV Flights and Image-Based Morphological Measurements

For both case studies, a UAV DJI Matrice 600 Pro (DJI, Shenzhen, China) platform
equipped with an RGB (visible spectral range) camera (model α6000, Sony Corporation,
Tokyo, Japan) with 6000 × 4000 pixels and a 35 mm lens was used to capture the images
at 20 m flight height with 80% overlap (forward-lap and side-lap) at a speed of 1.8 m/s.
The settings of the RGB camera (shutter speed, aperture, and ISO) were adjusted in the
field before the flight, and the sensor was triggered automatically based on flight planning.
Correction for white balance and exposure was applied to the images using Lightroom
v6.5. (Adobe Systems Incorporated, San Jose, CA, USA) using a gray reference card (18%
reference gray, Novoflex Präzisionstechnik GmbH, Memmingen, Germany) placed in
the field during the flight campaign prior to processing with Agisoft Photoscan v1.2.6
Professional Edition (Agisoft LLC, St. Petersburg, Russia) to build the orthophoto and
digital elevation model (DEM) with the coordinates of nine ground control points (GCP).
In addition, for Sarcococca, a digital terrain model (DTM) with the same spatial resolution
as the DEM was built based on point classification (in Agisoft Photoscan) to calculate the
Canopy Height Model (CHM) for each date by subtracting the DTM from the DEM. For the
rose trial, the DTM was interpolated based on the nine GCPs using the TIN interpolation
tool available in QGIS. The data extraction for both cases and interpolation were done in
QGIS 3.18.2 (QGIS.org, 2021. QGIS Geographic Information System. QGIS Association.
http://www.qgis.org, accessed on 20 April 2021).

For Sarcococca, one UAV flight was executed per field, over SarcoE1 on 5 September
and over SarcoE2 on 29 May 2019. The spatial resolution for the orthophoto and the DEM
(both flights) was 0.2 cm and 1.5 cm, respectively. From the CHM, the mean and Q90
height values (UAV_Hmean and UAV_HQ90) of all individual plants were extracted. Other
parameters derived from the orthophoto were the (top) plant area (UAV_Area) and the
surrounding box dimensions and area (UAV_B1, UAV_B2, and UAV_BoxArea).

For roses, the UAV flights were performed on 5 September 2019 for height estimation
and plant uniformity. In the CHM, a threshold of 25 cm was set to eliminate weeds and
remove the soil within the defined polygons. Each polygon included the plants of one
genotype. Only polygons with at least 0.5 m2 of plants or >7 plants were kept for the
analysis. This results in 71 polygons/genotypes being evaluated. For every polygon, the
90th quantile of the height (UAV_HQ90) was calculated, allowing assessment of the top of
the canopy, excluding real extreme height values. The coefficient of variation (UAV_Hcv)
was calculated to assess plant height uniformity.
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A relevant trait In roses is the number/percentage of flowers; abundant and continu-
ous flower coverage is preferred. Therefore, three flights were considered to estimate the
flower coverage over time (1 July, 6 August, and 5 September). An evaluation was done
to select the most appropriate index (between 12 common RGB indices) or spectral band
to separate colors. The highest f-values were obtained for the Rband and the Woebbecke
index (WBI = G − B/R − G [33]). A clear separation between green (leaves) and the other
colors (flowers) was observed (Figure S1). The overlap between the soil and flower colors
is not a problem, as the pixels representing soil were not considered (a threshold based
on the CHM was applied to remove them first). The pixel classification was done using a
threshold to separate the pixels corresponding to green leaves and flowers. The number of
pixels for the entire plant (leaves and flowers included) and the ones classified as flowers
was extracted (Figure S2). The proportion between the two sets of pixels was calculated to
obtain the percentage. A comparison between flowering based on on-ground scores and
UAV data is presented in Section 3.2 below for a set of the genotypes.

On the same date of on-ground scoring of black spot infestation (15 October 2019), a
UAV flight was carried out and compared with the UAV flight of 20 August to evaluate
the progress of black spot development. These dates are used for evaluation of black
spot occurrence as the disease typically develops most symptoms at the end of the season
resulting in an early leaf drop. Based on the RGB orthophoto, the Excess Green vegetation
index was calculated (UAV_ExG = 2 * G − R− B/R + G + B [33]). The median value of ExG
was determined for every genotype (only considering pixels corresponding to vegetation
based on the threshold applied to the canopy height model). For every genotype, the
canopy cover (UAV_CC) of 20 August was used as a mask to assess leaf loss on 15 October.
Then the UAV_ExG values were compared for both dates within the mask, using the first
date as a reference.

2.4. Comparison between On-Ground and Image-Based Trait Measurements and Application as
Selection Criteria

The ideal Sarcococca plant is compact and has a spherical shape. Plant evaluation was
therefore based on compactness, height uniformity, and plant shape. To validate the UAV
image-based trait measurements and evaluate their performance in plant selection, the
UAV-based measurements were correlated to the on-ground measurements. For compact-
ness (or circular shape), the ratio between the perpendicular widths, manually measured in
the field (GR_Wratio) and derived from the image-derived surrounding box (UAV_Bratio),
was calculated. For height uniformity, the ratio between the maximum and mean height
manually measured in the field (GR_Hratio) was used and compared to the height de-
rived from the CHM (UAV_Hratio). Another way to evaluate height uniformity is by the
coefficient of variation (UAV_Hcv), which was possible to derive from the detailed UAV
imagery (average 250 pixels per plant for the CHM). Variability among half-sib families
(originating from the same mother plant) was evaluated by data distributions (box plots) in
both on-ground and UAV measurements to determine the value of the mother plant for
the future breeding program. In SarcoE2, after 3 years of field evaluation, a final selection
of 12 plants was made in collaboration with Sarcococca growers. This selection, which
was based on field inspection and intuition, was evaluated in this study based on defined
selection criteria, which combines all parameters measured and is compared to a similar
selection based on UAV data.

For roses, the ideal plant has a uniform canopy height, shows a high floribundity
throughout the season (continuous flowering), and is resistant to diseases. Plant height is
not a selection criterion but helps to assign roses for specific use (e.g., smaller roses can be
used as a potted patio plant). Correlations between on-ground and UAV canopy height
were calculated as well between uniformity scores and UAV_Hcv. The flower percentage
derived from UAV imagery was compared to the visual scoring during three different
weeks and continuity during summer. Resistance to black spot was compared by correlating
on-ground scores with UAV_ExG. Leaf loss was calculated based on the UAV_CC of an

231



Horticulturae 2022, 8, 1186

earlier date. As a final selection was carried out, these results mainly focused on genotypes
with good uniformity, high floribundity, continuous flowering, and resistance to black spot.

2.5. Statistical Analysis and Representation of the Data

Statistical analysis was carried out in R v3.6.3 using rStudio v1.2.5033 (rStudio: Inte-
grated Development Environment for R, rStudio Inc., Boston, MA, USA). All phenotypic
variables’ names and definitions can be found in the supplementary information (Table S2).
For calculating correlations based on continuous data, a Pearson’s correlation was used; if
discrete data (i.e., scores) were included, then the Spearman method was used.

3. Results

3.1. Phenotyping Capturing Plant Architecture

For Sarcococca, manual measurements and UAV-derived parameters were performed
to capture plant architecture. Correlations between all measurements determined on
Sarcococca on SarcoE1 (94 individual plants) are shown in Figure 3A. In the case of SarcoE2
(583 plants), it was difficult to separate plants with connected canopies; therefore, results
on SarcoE2 are not shown. A significant correlation of 0.63 was obtained between the
on-ground and UAV height measurements and 0.69 for plant area (SarcoE1 plants). In
Figure 3B, linear relations between on-ground and UAV measurements specific for canopy
height and plant area are shown. The general trend showed lower values derived from
the UAV data, as the points were not on the 1-1 line. This is partially explained by the
difference between how measurements were done manually in the field and those derived
from the images.

Figure 3. (A) Correlogram and (B) linear relations between on-ground measurements and UAV-
derived plant architectural (plant height and width) parameters in Sarcococca, SarcoE1 (n = 94 plants).
For the abbreviations, see Table S2.

Assessment of plant architecture for the rose genotypes was done using ruler-based
measurements (canopy height, GR_Hmax) and visual scores (plant uniformity, GR_U), as
well as with the data extracted from the images taken by the UAV. UAV_HQ90 correlates
very well (r = 0.73 and p < 0.01) with the ruler-based measurements (Figure 4A). The height
based on UAV_HQ90 is similar for less tall plants and lower for taller plants compared to
the on-ground measurements. Related to the uniformity, we found a significant negative
correlation between the uniformity score and the UAV_Hcv (r = −0.38; Figure 4B) for the
observations on 5 September. This is to be expected as plants that received a lower score is
less uniform.
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Figure 4. (A) Correlations between the manually measured canopy height (GR_Hmax) and the
drone-derived canopy height (UAV_HQ90) in the rose trial, and (B) between the visual score of
the canopy height uniformity (GR_U) and the drone-derived canopy height coefficient of variation
(UAV_Hcv), respectively, for 5 September 2019.

3.2. Phenotyping: Capture of Flowering

When flowering is scored visually in the field, several parameters are considered in
the final score, which has to be parsed to match data derived from UAV imagery (e.g., the
relation between the number of flowers showing color and the size of the flower, different
stages of flowering). The approach we took distinguished between flowers and other plant
parts. A pixel classification in two classes (leaf or flower) was carried out based on the
Rband threshold to differentiate colors. Then the percentage of flowers was calculated as
the ratio between the pixels corresponding to the entire bush or canopy cover (UAV_CC)
and the ones classified as a flower. Based on the percentage of flowers (at a single time
point or multiple to catch the evolution during the flowering period), a comparison could
be made between genotypes, and the ones with repeated flowering could be selected by
evaluating different dates. A comparison between the on-ground scores and the percentage
of flowers derived from the UAV imagery is presented for a representative selection of
genotypes (Figure 5). In the graph based on UAV data, the three time points are clearly
distinguishable, and the trend of the flowering can be derived. More blooms in week 27,
a subsequent decrease with almost no presence of flowers in week 32, and a mild second
blooming event in week 36 were observed. This trend is hardly observable using the
on-ground scores where the flowering stages were used. According to the flowering stages
across all genotypes, in week 28, 17% of the genotypes had buds, 30% had open flowers,
and 51% were fading; in week 32, only 14% had open buds, and 66.9% were fading; and
in week 36, 19% had open buds, and 56% had faded flowers. The correlation between the
on-ground scores for color and open buds in week 32 is 0.73.
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Figure 5. (A) Evolution of flower percentage and scores per week for a set of genotypes and (B)
imagery of four genotypes in the first and last week with percentages derived from the UAV imagery
and scores.

3.3. Assessment of Black Spot Occurrence

Genotypes are scored on-ground for leaf spots and leaf drops to determine the severity
of black spot disease. The correlation between the two on-ground measured scores on
15 October was 0.79 (p < 0.01), showing a significant link as expected. As an alternative
for the scoring, we tested the correlation between both on-ground determined scores and
the UAV median ExG for the same date. This resulted in a negative correlation of −0.74
and −0.76 (both p < 0.01) with the leaf spot and the leaf drop scores, respectively. This
indicated that the canopy was less green and showed increased disease symptoms. This
demonstrates the clear link between the variables and the ability of UAV data to quantify
disease severity between the genotypes in the breeding trial. Figure 6 compares the ExG
values of the reference date versus the black spot assessment date in autumn. The figure
clearly shows that interesting genotypes (green dots above the line) had an increase in
canopy instead of leaf drop.
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Figure 6. Evaluation of black spot disease in rose genotypes. All dots on and above the 1:1 line
represent genotypes where the ExG value in the middle of October is equal to or higher than at the
end of August (=reference) (green). Genotypes with an ExG reduction of ≤10% are shown in orange,
or >10% reduction is indicated in red. For comparison, the scores of leaf spot and leaf drop per
genotype (5 October 2019) are shown at the right or left of the symbol, respectively. The transparent
red area indicates genotypes that can be omitted as they did not perform well for this trait (1:1 line
and, e.g., a minimum ExG threshold for 5 October 2019 set by the breeder).

3.4. Application of UAV-Derived Parameters as Selection Criteria in Breeding Programs

Variability in families and populations is an important feature that allows for improved
selections: the more segregation, the more progress can be made toward the creation of
new cultivars. Figures 7 and S3 give an overview of the variability per mother plant and
trial for open-pollinated half-sib populations of Sarcococca. Most mother plants used in
SarcoE1 and SarcoE2 trials produce offspring showing a large variation in canopy height
and plant area.

As a final step, plants were selected based on a visual inspection of the selection
criteria. From the 3-year-old seedlings in SarcoE2, 12 seedlings were selected. A closer look
at these selected plants compared to the rest of the seedlings from SarcoE2 is shown in
Figure 8B. The plants selected by the breeders are mainly from S10 and S8 mother plants,
taller (higher plants) and bigger (larger areas) than the median of all species. Aiming to
select for compact seedlings with a round shape, “ideal” plant selection criteria can be
defined as the following ranges: UAV_Hratio 1–1.5 (uniformity), UAV_Bratio 0.85–1.15
(compactness), UAV_Area 0.1–0.2, UAV_HQ90 0.3–0.45 and UAV_Hcv 0.2–0.5 (see blue
rectangles in Figure 8B). A closer look at the resulting seedlings when combining all “ideal”
selection criteria is presented in Figure S4. Three out of the 12 seedlings (nrs. 68, 175, 223)
would be selected based on either UAV or on-ground field inspection.
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Figure 7. Box plots per mother plant for all Sarcococca plants in SarcoE2 for (A) canopy height and (B)
plant area. Every dot corresponds to an individual plant.

Figure 8. (A) Sarcococca plants selected (blue border) in the field identified by a unique ID (SarcoE2)
and (B) comparison with the rest of the plants. The blue rectangle corresponds to the defined “ideal”
selection criteria.
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For roses, an example of how the UAV data can be used to select plant growth habits
based on canopy height and canopy uniformity can be seen in Figure 9.

Figure 9. Variations present in the rose trial related to canopy height (UAV_HQ90) and uniformity
(UAV_Hcv) with a top view image and a height image based on the CHM for two genotypes.

A final selection of roses was made, and four roses were commercialized: ‘Mel Bee’
(09-264), ‘Bee Gold’ (09-212), ‘Bee Proud’ (09-05), and ‘Tsarina’ (09-173). ‘Mel Bee’ (09-264)
was among the best-scoring genotypes for floribundity in on-ground and UAV evaluation
showing high scores later in the season (Figure 5). For disease resistance, this genotype is
also among the genotypes with increased ExG value (Figure 6). ‘Bee Proud’ (09-05) also
is among the genotypes with high floribundity in the on-ground scores and UAV data
(Figure 5). ‘Tsarina’ (09-173) and ‘Bee Gold’ (09-212) show average scores for floribundity.
‘Tsarina’ scores very well for disease resistance and was selected for its healthy dark foliage
in combination with attractive flower color.

4. Discussion

The multitude of UAV phenotyping applications either currently under development
or already applied in agricultural crops are paving the way for the introduction of UAV
and image analysis in woody ornamental and nursery plant breeding programs. For
woody ornamentals, breeding towards compactness, improved or novel leaf and flower
morphology, abundant flowering, and improved resistance to diseases, drought, cold, and
other abiotic stresses is important. Knowledge from many applications in agricultural
crops, e.g., the capture of (a)biotic stress symptoms, biomass estimation, growth monitoring,
spike density, etc., can be translated for use in woody ornamentals (reviewed in [34] and
references herein). Major advantages of UAV imaging include the (high) resolution of the
images (to mm), chosen depending on the feature being evaluated (e.g., a lower resolution
is needed to infer plant area as compared to flower detection), the objectivity of UAVs
compared to multiple experts involved in on-site scoring measurements, the possibility of
automation, the available sensors with different spectral ranges and the fast and large-scale
image capture.
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4.1. Experimental Setup and UAV Image Capture according to Trait(s) under Evaluation

The diversity in crop types and species of nursery plants is enormous. Each demands
a dedicated approach when it comes to the selection of specific characteristics. In our study,
an RGB camera and the calculation of the canopy height model and a small number of
vegetation indices were successful for the evaluation of traits related to plant architecture,
biotic stress, and flowering. However, selection towards improved aesthetic characteristics,
which is very important for ornamentals, depends on the type of plant considered: trees,
shrubs, bushes, perennials, or cut flowers [29]. It is not always easy to capture “beauty”
in numbers. The development of crop-specific tools is required, and a good experimental
setup is essential to implement the use of UAV imagery for high-throughput phenotyping
in this field. This involves, among other things, the timing of flights in accordance with the
breeding cycle of the particular crop, the number of flights, sensor and flight settings linked
to the specific trait of interest, and the field setup. Selection using UAV imagery could be
used on single genotypes of the crop, as done in the case of Sarcococca, or in a later phase
after clonal propagation of the plant material, as in the case of the garden rose. Instead of
the evaluation of individual genotypes, the evaluation of families or populations can also
be valuable, as done in Sarcococca. Information on the mother plants could be obtained by
comparing different half-sib families. According to the objectives, one should also choose
the appropriate unit of plant phenotyping in the field to maximize the efficiency of selection
and the corresponding measurable genetic gain. Today the most common unit used is the
multi-plant unit, i.e., a densely grown field plot. Another approach could be the selection of
individual plants grown in the absence of competitive interactions to maximize phenotypic
expression and the corresponding phenotypic variance [35]. The field setup should be
adapted to the parameters examined using image analysis. In the case of Sarcococca, the
architecture of the individual plants needed to be evaluated, which imposed a plant density
that made it possible to distinguish individual plants for proper image analysis. In our
study on Sarcococca, the SarcoE1 trial contained smaller and younger plants compared to
the SarcoE2 trial. A planting distance of 30 cm for the SarcoE1 plants enabled the good
separation of individual canopies. In contrast, for the SarcoE2, the plants were already
too large to be separated on the UAV images. For roses, we used a selection field with the
roses planted in rows according to standard practice in this crop. However, it could be
useful to work with small square plots filled with plants, for example, to examine ground
coverage via image analysis. In all cases, weeds must be removed before flights are carried
out to facilitate image processing. Remote sensing technology could enable simultaneous
selection at different locations, such as in cut rose breeding, where selection is performed
remotely, and rose genotypes are sent to the most appropriate regions (e.g., South America
or Africa) to be tested under specific conditions of altitude and climate [32].

The number of flights needed and the timing of the flights both depend on the trait
under evaluation and require thorough consideration, including cost efficiency in pheno-
typing, as discussed by Reynolds et al. [30]. For plant architecture, as assessed in Sarcococca
and rose, a single flight during the growing season could suffice. For dynamic traits like
recurrent flowering or disease development, the assessment at different time points is
essential [8]. In the example of black spot disease in rose, two time points were compared
using the first time point as a reference. Symptoms of black spot mainly occur in autumn,
and plant height uniformity shows more variation later in the season after the formation
of new branches. In rose selection, flights for evaluation of the aforementioned traits are
therefore best planned for the second half of the growing season (early autumn). Nursery
plants are typically evaluated over several years in the same field [28]. Attention to the
comparison of data obtained by image analysis over different years is required, as this
can help to adjust plant evaluation in relation to year effects, e.g., differences in the type
of weather during the season in outdoor selection. For UAV flights, a strict protocol (see
description in the Section 2) needs to be followed, including stable light conditions during
the flight to avoid unnecessary variability in the data. Recommendations about optimal
flight parameters and settings to capture and generate accurate data have been assessed
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in several publications [36–39]. In our rose evaluation, the images from the flight carried
out in W25 had to be discarded because of bad quality, while this week would have been
ideal for evaluating flowering. The use of a multispectral camera allows for radiometric
correction and can avoid this problem [10]. In addition to well-considered setups of the
experiment and the field trial, the choice of parameter for the best estimation of the trait is
also essential. For the evaluation of plant height uniformity, the coefficient of variation was
found to be a better parameter than the standard deviation, as the former is normalized for
the height of the plant and is, therefore, more comparable for plants with different plant
heights, such as in roses.

4.2. UAV Imagery-Based Measurements Compared to On-Ground Measurements

In general, in our study, there was a good correlation between on-ground measure-
ments and measurements based on UAV images. For example, leaf drop caused by black
spot was assessed in roses and used to compare rose genotypes under selection. A high
correlation of 0.79 with on-ground scores was found, which could support the implementa-
tion of this UAV-based methodology to quantify disease severity in a more standardized
manner compared to on-ground evaluation. For some parameters, UAV imagery showed
an underestimation or lower correlation. In Sarcococca, plant heights derived from UAV
imagery are lower than from manual measurements in the field, which could be explained
by the difficulty of modeling/detecting (“narrow”) individual branches (present in a high
number in bigger plants) and the use of percentile Q90 to avoid possible outliers/errors
from the DEM construction against the measurement of the tallest branch top of the in-
dividual plant. For the plant area in Sarcococca, differences between on-ground and UAV
data can be explained by the simplification to calculate the area by multiplying the two
directions plant width measurements (therefore, the correlation with the UAV box area is
higher (rectangle shape)). However, the area estimated by the UAV is more accurate as it
is possible to capture the border and the shape of the plants. For roses, a high correlation
between the field measurements and UAV-derived heights was achieved. In roses also, the
Q90 value of the CHM was used as this value gave the best correlation to the on-ground
measurements, excluding possible outliers.

Discrepancies can arise between the selection by visual inspection and the selection
by UAV imagery: the “ideal” criteria cannot be totally mimicked as these criteria are also
influenced by (subjective) expert experience. For Sarcococca, one of the breeding goals was
to select more compact varieties. But analysis of the selected plants chosen by the experts
revealed that they had intuitively selected somewhat taller plants with bigger plant areas.
Only 3 out of 12 manually selected plants would have been selected using UAV-based
selection criteria for height and plant area. In the case of the evaluation of floribundity
in roses, differences can arise if the experts are more interested in plant vitality or visual
quality, which differs from counting all flowers regardless of their stage of development or
only the fully open flowers [29]. In this work, UAV imagery evaluated the amount of color
on the plant (number of pixels classified as vegetation with a different color than green). In
contrast, visual inspection considered the number of individual flowers. For example, ‘Bee
Gold’ (09-212), one of the selected and commercialized genotypes, is a mini or patio rose
with a low canopy height. The single flowers in this genotype are small and yellow. Within
this type of rose, it is more difficult to select good genotypes that combine floribundity
with disease resistance. Therefore, it can be difficult to impose the criteria when imagery is
used to evaluate flowering: e.g., buds not visible, different views (lateral vs. top). Specific
analytical tools for specific subtypes of plants could be developed, e.g., floribunda roses
(branched shrubs with large flower sprays) need another approach compared to hybrid
tea roses, which have upright stems with a single large flower. A few large flowers could
be seen in the images of the top and upper sides of the bush, and at the same time, a large
number of flowers and buds could be seen from the side in the on-ground observation,
thus leading to differences in the evaluation. An improved and better approach to capture
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the number of flowers per branch (as the 2D orthophoto does not give enough information)
could be the use of 3D point clouds instead.

4.3. Possible Future Applications of UAV Imagery in Breeding Programs of (Woody) Ornamentals

Despite the remaining challenges associated with UAV imagery, many applications can
already be valuable and useful for open-field selection in woody plant breeding programs.
Breeding in woody ornamentals requires a cost-efficient system. Typically, in breeding
woody plants, a long and costly observation period is required to accurately evaluate the
performance of plant genotypes [32]. A more efficient and less labor-intensive selection, e.g.,
the use of UAV images, could improve effective knowledge acquisition of the genotypes
and reduce costs over the long term. For morphological traits, such as fruit and berry
development, plant shape and architecture, and flower characteristics in the entire bush,
more detailed 3D reconstructions can be useful. 3D point-based deep learning models
were used in synthetic rose bushes for the phenotyping of plant architecture and morphol-
ogy [40]. This would be ideal for training models to relate architecture and flowering to
aesthetic values. Furthermore, the use of multispectral and thermal sensors could allow the
evaluation of (a)biotic stress symptoms in different crops. In container fields, water gift is
essential, and in [41], the water stress of woody ornamentals grown on a container field was
assessed using sensor technology. The effect of salinity has been observed by multispectral
image analysis and the use of a normalized difference vegetation index (NDVI) calculated
from the Near Infrared Reflectance (NIR) [23]. The detection of diseased plants due to biotic
stress by use of remote sensing data [42] or by means of UAV [43] is a hot topic in plant
cultivation and breeding, e.g., monitoring of powdery mildew in apple orchards [44] and
monitoring of rust on coffee plants [45]. Although detection of disease emergence during
the period of latency seems to be the current holy grail [42], in nursery plant breeding, this
is less important, as the evaluation of the resistance and comparison between genotypes
under selection is only carried out after some years on the field.

5. Conclusions

Using UAV-based measurements of plant characteristics for selection purposes has
many advantages for breeding woody plants. Characteristics such as plant architecture,
flowering, and disease resistance may be assessed more objectively and faster using UAV
imaging as compared to expert on-ground observations. We have shown some of the
advantages in case studies on an evergreen shrub, Sarcococca, a flowering garden plant,
Rosa. Significant correlations (r > 0.65) were obtained between UAV imaging and on-
ground measurements. Therefore, UAV-based phenotyping is valuable for traits such as
plant height and shape, especially for large breeding trials. In addition, more detailed data
on the trial, plots, and individual plants are obtained, which allows us to better examine
variability and uniformity in plant architecture and flowering traits. Besides objective
morphological assessment, disease evaluation using UAV data assists in the selection of
resistant genotypes. In conclusion, with a well-considered design of the field trial and
experiment, and with well-chosen parameters for explaining the traits based on different
sensor types, many more useful applications can be developed for breeding and cultivation
monitoring of woody ornamental plants to support selection.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae8121186/s1, Table S1: Overview of Sarcococca
genotypes under field evaluation; Table S2: Overview of the phenotypic parameters for Sarcococca
and rose experiments; Figure S1: Evaluation of spectral bands and vegetation indices to separate
colors. Separation of the colors by the index with the highest F-value (WBI); Figure S2: Flight 1 July,
examples of genotypes with different flower colors with the classification of pixels as flower marked
in yellow and bush area delimited in white in roses; Figure S3: Box plots per mother plant of all
Sarcococca plants in SarcoE1 for (A) canopy height and (B) plant area. Every dot corresponds to a
plant; Figure S4: UAV plants selected according to ”ideal” plant selection criteria (central part of the
image) in Sarcococca.
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Abstract: Tree peony (Paeonia suffruticosa Andr.), a unique traditional flower in China, is famous
for its ornamental value, medical use, and edible oil production. Traditional propagation methods,
such as sowing, dividing, and grafting do not allow the large-scale production of selected peony
varieties. Therefore, the objective of our study is to evaluate an air-layering technique on the rooting
success of three tree peony cultivars (‘Baoqing Hong’, ‘Quehao’, and ‘Xishi’). The experiments were
established through consideration of the influence of the time of the year the rooting was performed
(mid-May, mid-June, or mid-July) and the growth regulators (1-naphthaleneacetic acid-NAA and
indole-3-butyric acid-IBA) applied at different concentrations (1000 mg/L, 1500 mg/L, 2000 mg/L).
The results showed that the rooting rate was the highest when the air-layering time occurred in
mid-June, and the rooting rate of ‘Quehao’ was found to be the most significant, reaching 100%. The
rooting percentages of 82.86% and 77.14% were obtained for ‘Baoqing Hong’ and ‘Xishi’, respectively.
The growth regulators affected the rooting performance of the three cultivars differently. The rooting
parameters of ‘Quehao’ were negatively correlated with the concentration of NAA but positively
correlated with IBA, whereas the ‘Baoqing Hong’ and ‘Xishi’ cultivars showed no dose dependence
for the supplied growth regulators. Root number, root tip number, and maximum root length in
‘Quehao’ were higher than those of the other two cultivars. The conclusion of our study is that the
air-layering technique is a suitable method for achieving satisfactory propagation of selected tree
peony cultivars.

Keywords: propagation; tree peony; air layering; rooting parameters; growth regulators

1. Introduction

Tree peony (Paeonia suffruticosa Andr.) is a traditional flower that is unique to China.
It is a rare ornamental flower as well as a medicinal and food plant. Its roots have hy-
poglycemic, antibacterial, anti-inflammatory, anti-atherosclerosis, anti-arrhythmia, anti-
convulsion, liver-protection, immunity-enhancing, and other pharmacological effects [1,2].
Tree peony seed oil contains a large amount of unsaturated fatty acids, such as α-linolenic
acid (ω-3 family), linoleic acid, and oleic acid, which have anti-inflammatory, anti-tumor,
lipid-lowering, and immunity-improvement effects [3,4]. In addition, tree peony stamens
can be used to prepare tea, and the petals can be processed and refined into essential oils
that are widely used in daily health care and various industries [5,6]. With the develop-
ment of deep-processing products, the tree peony industry has gradually developed into a
comprehensive and multi-product industry.

Increased market demand has promoted the rapid development of the tree peony
seedling industry, but the capacity for domestic tree peony seedling production cannot
meet market demands. This is because of the long life cycle of peony, which takes 4–6 years
from sowing to flowering and fruiting [7]. This biological characteristic severely restricts
peony industrialization. The traditional propagation methods for tree peony include
sowing, dividing, and grafting, which have low propagation coefficients and long seedling
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periods, as well as inconsistent quality [8]. Although tissue culture could represent a valid
method for vegetatively propagating tree peony, several drawbacks are still to be addressed
with this method, including poor rooting, vitrification, a low multiplication rate, difficult
acclimatization, and a low in vivo survival rate [9–18]. Large-scale seedling production is
based on grafting and dividing methods, but several issues limit breeding and industrial
development [19–21]. The main factors affecting the success of grafting include grafting
time, rootstock, scion, and grafting method. The grafting time for tree peony is generally
October–November, with graft survival being limited at other times. Even when plant
grafting is carried out at the optimal time, diseases and insect pests may occur, and sudden
low temperatures in early spring and other environmental factors can inhibit survival. The
grafting survival rate of various peony varieties in the second year is only 50%–85% [22].

Tree peonies with high ornamental value are mostly seedless and cannot be sexually
reproduced. The roots of P. lactiflora and P. ostii are typically selected as the rootstock. Due
to the characteristics of the rootstock, the branches of the rootstock are often budded from
the root, affecting the growth of the grafted seedlings [8]. The grafting affinity of some
varieties is also weak, affecting the grafting success. Although some tree peony varieties
can be sexually reproduced, the growth cycle is very long. It takes 5–6 years from sowing
to flowering plants and production of seeds. Thus, the seed yield is low, and the plants
cannot be quickly placed into the market [7]. The characteristics of the offspring of superior
plants propagated through grafting are greatly affected by the rootstock, and the screened
high-quality tree peony plants cannot be placed into the market quickly and efficiently,
thereby hindering the development of the peony industry.

Air-layering propagation technology can retain the favorable traits of the mother plants
as well as encourage early flowering and fruiting [23]. This method has been applied to the
propagation of different plants with low propagation coefficients and has achieved good
results, such as in Phoebe bournei [24], Camellia japonica [25], and Saraca ‘Siji Flower’ [26]. The
progeny obtained by air layering have high purity and excellent traits, are not influenced
by the rootstock, and exhibit early flowering and fruiting. The seedlings obtained by air
layering grow better in the second year, at which point they can be placed on the market.
Although the air-layering propagation technique is widely used, no relevant studies on
this topic can be found for tree peony or Paeonia (data source: Web of Science). Therefore,
it is a novel approach to adopt an air-layering technique for tree peony propagation. The
purpose of this study is to explore whether the air-layering technique can be successfully
implemented in tree peony to establish an effective propagation method that is different
from the traditional propagation method.

2. Materials and Methods

2.1. Plant Material

Three varieties (Baoqing Hong’, ‘Quehao’, and ‘Xishi’) belonging to the Jiangnan group
were selected from plants previously grown at the Luoyang Shenzhou Peony Garden, and
were subsequently transferred to the Shanghai Chenshan Botanical Garden (31◦4’52′′ N,
121◦10’14′′ E). The plants have been kept under the same environmental and cultivation
conditions since 2014, and currently there are hundreds of living plants growing in the tree
peony planting base of the Shanghai Chenshan Botanical Garden. The present experiment
was conducted from May to November in 2020 with plants that were 8–10 years old.

2.2. Air-Layering Procedure

On the mother plant, an area about 1 cm away from the end node of two-year-old
branches was selected, and the phloem was peeled off completely to expose the xylem.
The ring-stripping incision was about 1 cm. A cotton swab was used to apply the rooting
treatment by dipping into the incised surface. The center of a 20 × 20 cm square film
was cut to the midpoint of one side and used as a funnel. The film funnel was filled with
soaking medium, which consisted of 50% moss and 50% peat (Klasmann-Deilmann 413,
pH 5.5–6.5). The moss was cut appropriately in advance, and the length was controlled
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within 1 cm. After filling the soaking medium, the top of the film was secured with a
rust-proof black tie wire so that it was easy to naturally collect rain. If it did not rain for a
long time, water was properly supplied to keep the medium moist. In late September or
October, when the tree peonies were ready for transplanting, the branches below the film
opening were removed and the rooted seedlings were transplanted into the flowerpot. The
seedlings were then propagated using standard procedures [27].

2.3. Influence of the Time of the Year on Air Layering

The experiment was performed with the three already cited tree peony varieties and
three periods for air layering were considered: mid-May in Spring, and mid-June and
mid-July in Summer. The recorded climate conditions during our experiment were:

a. average temperature: 16–24 ◦C in May, 21–27 ◦C in June, and 25–32 ◦C in July
b. average precipitation: 112 mm in May, 169 mm in June, and 151 mm in July

For each period, seven individual mother plants replicates were considered, and
5 fresh branches of the current year were selected from each plant for the air layering. Then,
1000 mg/L of an equal ratio of 1-naphthaleneacetic acid (NAA) and indole-3-butyric acid
(IBA) was applied to all ring strips.

2.4. Influence of Growth Regulators on Air Layering

The experiment was performed in mid-June 2020, and the three cultivars already
mentioned were considered. In accordance with previous studies on air layering and with
experience in tree peony cultivation, NAA and IBA were used as rooting growth regulators
at concentration 1000 mg/L, 1500 mg/L, and 2000 mg/L [28–30]. A control treatment (no
growth regulators applied) was considered too. For each cultivar, 3 mother plants and
5 branches for each mother plant were considered, resulting in a total of 105 treatments for
each tested cultivar.

2.5. Evaluation of the Air-Layering Propagation in Tree Peony

In October (a suitable season for transplanting tree peony), 3–4 months after having
applied air layering, the branches were cut below the membrane opening. After removing
the tie wire, film, and the medium, the relevant growth parameters were measured.

Determination of air-layering efficiency: each air layer was classified according to the
rooting efficiency, as follows: (i) air layers with more than 10 growing first-order roots
(referred to as 1) and (ii) air layers with fewer than 10 growing first-order roots or with no
roots (referred to as 0). According to this classification, for each plant, a ‘rooting number’
was derived, and then the air-layering efficiency was calculated as follows:

Air − layering efficiency =
(
Total ′rooting number′ / Total air layers

) ×100% (1)

In order to highlight the root architecture that influenced plant growth and stability,
the following parameters were taken into account:

a. Root system quantity, which was evaluated through the number of taproots and root
tips for each air layer. This was considered an indication of the rooting efficiency

b. Root system quality, which was determined by considering the primary root length.
The taproots were determined one by one by measuring the length from the base to
the top with a ruler, accurate to 1 mm. The sum of all primary root lengths of a single
air layering represented the total length of the primary roots of the air layering, and
the longest primary root length indicated the maximum primary root length of the
air layering.

2.6. Data Processing

Excel 2017 (Microsoft Corp., Redmond, MA, USA), GraphPad Prism 7.0 (GraphPad
Software, San Diego, CA, USA), and Adobe Illustrator CS6 (Adobe Mercury, San Jose,
CA, USA) were used for experimental data processing and mapping. Standard deviation
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analysis was performed using STDEV in Excel 2017, and a variance analysis was performed
using ANOVA analysis (p < 0.05) in GraphPad Prism 7.0.

3. Results

3.1. Influence of the Time of the Year on Air Layering

Figure 1 shows the air-layering procedure in tree peony roots and the growth of the
air layers. A one-centimeter ring-stripping incision is shown in Figure 1A. After growth
regulators were applied and a thin film was placed on the ring-stripped surface (Figure 1B),
callus formation began on the ring-stripped branches in the upper air layer at about
15 d, rooting began at 25–30 d, and white roots filled the matrix at 60–70 d (Figure 1C,D).
Figure 1E,F shows the air layer growth in pots one year from the air layering.

 

Figure 1. Steps in air layering of tree peony. (A) One-centimeter ring-stripping incision. (B) Matrix
dressing. (C) The substrate is covered with new roots. (D) The new roots under air layering.
(E,F) Air-layer growth in pots one year from the air layering.

The number of first-order roots of each layer was counted and calculated according to
the formula already stated for air-layering efficiency. Table 1 highlights that the best results
were reached when the air layering was carried out in mid-June, and this was true for all
the three tested varieties, although a different performance could be scored (the air-layering
efficiency was 82.86% ± 10.1, 100% ± 0% and 77.14% ± 8.9 for ‘Baoqing Hong’, ‘Quehao’
and ‘Xishi’ respectively). Generally speaking, the worst results were obtained when the air
layering was performed in mid-July, except for the variety ‘Baoqing Hong’, for which the
efficiency of the air layering was similar when the procedure was performed in May or July.

Table 1. Air-layering efficiency for the three tested tree peonies.

Cultivars Time Total Air Layers Rooting Number Air-Layering Efficiency (100%)

‘Baoqing Hong’ mid-May 35 27 77.14 ± 9.1
‘Baoqing Hong’ mid-June 35 29 82.86 ± 10.1 a

‘Baoqing Hong’ mid-July 35 27 77.14 ± 9.3
Quehao mid-May 35 33 94.29 ± 3.8 b

Quehao mid-June 35 35 100 ± 0 b

Quehao mid-July 35 30 85.71 ± 10.3 a

Xishi mid-May 35 26 74.29 ± 9.8
Xishi mid-June 35 27 77.14 ± 8.9
Xishi mid-July 35 22 62.86 ± 12.1

Note: Air layering was applied over three different periods, and a solution of NAA + IBA (1000 mg/L each)
was applied to stimulate the rooting. Data are mean average values ± standard error. a indicates significant
differences, 0.01 < p < 0.05; and b indicates highly significant differences, 0.01 < p < 0.05.
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3.2. Influence of Growth Regulator on Air Layering

As indicated in Figure 2A, the number of taproots in ‘Baoqing Hong’ under NAA
treatment was twice as high as in the control (CK). Under IBA treatment, the number of
taproots was slightly higher than that of the control group, though the difference was not
significant. The number of root tips of ‘Baoqing Hong’ was lower than that of the control
group under the two growth-regulator treatments (Figure 2A). Figure 2B indicates that
the total length and maximum length of the primary roots of ‘Baoqing Hong’ under NAA
treatment were similar to those of the control group. When IBA was applied, the total and
maximum root length were slightly lower than those of the control group. Figure 2C showed
that the numbers of primary roots and root tips of ‘Quehao’ with the growth regulator
were significantly higher than those of the control (CK), which under the NAA treatment
were slightly higher than those under the IBA treatment. As indicated in Figure 2D, the
total length and maximum root length of the primary roots in ‘Quehao’ with the growth
regulator were significantly higher than those of the control (CK), which under the IBA
treatment were similar to those under the NAA treatment. As shown in Figure 2E,F, the
number of main roots in the root system of ‘Xishi’ under the NAA and IBA treatments was
significantly higher than that of the control group. The number of root tips under the NAA
treatment was slightly higher than that of the control group, but significantly higher under
IBA treatment. The total length and maximum length of the primary roots were slightly
higher under NAA treatment than in the control (CK), but lower under IBA treatment. The
results showed that NAA and IBA could affect the number and length of roots differently,
although a varied response to the treatments was noted.

Figure 2. Rooting efficiency for air layering of tree peony when different growth regulators (IBA
and NAA) were supplied at the concentration 1000 mg/L. The evaluation was carried out for three
tree peony varieties: ‘Baoqing Hong’ (A,B), Quehao (C,D) and Xishi (E,F). A control treatment (no
growth regulators applied = CK) was considered for each variety. a indicates significant differences,
0.01 < p < 0.05; and b indicates highly significant differences, 0.01 < p < 0.05.
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3.3. Influence of Different Concentrations of Growth Regulators on Air Layering

In a subsequent experiment, three concentrations of the growth regulators NAA and
IBA (1000 mg/L, 1500 mg/L and 2000 mg/L) were applied in the air layering carried out
in mid-June. Table 2 shows that growth regulator choice and the concentration applied
could greatly affect the root architecture; also in this case, we have to highlight that there
was a genotype-dependent response.

Table 2. Air-layered root traits of the tree peony varieties under the different treatments.

Cultivars Treat Agents
Concentration

(mg/L)
Taproot
Number

Root Tip
Number

Total Root
Length (mm)

Maximum Root
Length (mm)

‘Baoqing Hong’ CK 0 40 ± 6.2 101 ± 6.5 357.7 ± 11.9 88.6 ± 6.7
NAA 1000 83 ± 10.7 b 75 ± 12.9 335.1 ± 31.1 79.2 ± 12.6

1500 62 ± 5.1 a 84 ± 2.1 250.7 ± 26.6a 60.3 ± 4.1
2000 64 ± 13.1 a 87 ± 4.3 282.4 ± 26.1 a 67.5 ± 5.5

IBA 1000 44 ± 4.6 70 ± 2.3 274.8 ± 22.1 a 71.6 ± 4.5
1500 114 ± 12 a 155 ± 10.5 a 324.5 ± 27.7 72.5 ± 6.1
2000 45 ± 7.5 67 ± 6.1 340.4 ± 11.7 78.7 ± 7.6

‘Quehao’ CK 0 77 ± 5.1 94 ± 18.2 364.7 ± 21.1 77.7 ± 5.6
NAA 1000 136 ± 17.1 a 168 ± 8.9 a 426.8 ± 30.4 a 107.3 ± 12.6 a

1500 110 ± 13.5 a 138 ± 3 396.4 ± 22.2 91.5 ± 9.6
2000 69 ± 2.5 79 ± 7.5 312.9 ± 24.6 72.7 ± 3.5

IBA 1000 128 ± 7.8 a 153 ± 28.2 a 455.9 ± 38.9 a 110.9 ± 8.3 a

1500 204 ± 3.8 b 198 ± 5.2 471.3 ± 24.5 111.3 ± 3.4 a

2000 222 ± 5.1 b 255 ± 23.8 b 564.8 ± 38.2 b 120.6 ± 18.9 b

‘Xishi’ CK 0 21 ± 0.6 41 ± 3 286.3 ± 13.9 73.5 ± 4.1
NAA 1000 43 ± 5.3 b 55 ± 2.5 312.2 ± 5.1 a 76.5 ± 3.1

1500 37 ± 1.5 42 ± 2 167.4 ± 16.2 a 43.3 ± 2.2
2000 31 ± 10.3 41 ± 1.7 225.6 ± 11.8 60.3 ± 3.7

IBA 1000 55 ± 6.1 b 74 ± 3.6 248.5 ± 18.4 62.2 ± 7.1
1500 43 ± 2.5 b 52 ± 5.1 263.9 ± 18.8 71.63 ± 8.6
2000 55 ± 0.6 b 64 ± 4.9 a 278.5 ± 25.9 63.4 ± 4.6

Note: Data are the mean average values ± standard errors. a indicates significant differences, 0.01 < p < 0.05; and
b indicates highly significant differences, 0.01 < p < 0.05. CK, blank control; NAA, 1-naphthaleneacetic acid; IBA,
indole-3-butyric acid.

Generally speaking, the taproot number was enhanced when a growth regulator was
applied. In the case of ‘Baoqing Hong’ variety, the highest number of taproots (114 ± 12)
was obtained when the growth regulator IBA was applied at 1500 mg/L. Furthermore,
with this IBA concentration the highest number of root tip was obtained (155 ± 10.5).
Satisfactory results for all the root parameters were obtained in ‘Quehao’ variety at IBA
1500 or 2000 mg/L, the latter concentration being the best (taproots number: 222 ± 5.1;
root tip number: 255 ± 23.8; total root length: 564.8 ± 38.2 mm and maximum root length
120 ± 18.9 mm). Interestingly, for this variety, we found that when the NAA concentration
was increased, the root parameters decreased (particularly the number of taproots and root
tips). On the contrary, decreasing the IBA concentration from 2000–1000 mg/L, the number
of taproots was reduced by 40%. (Table 2). In the case of ‘Xishi’ variety, the lowest number
of taproots were always obtained compared to the other varieties; the best results were
obtained when IBA was provided at 1000 mg/L or 2000 mg/L (number of taproots: 55 ± 6.1
and 55 ± 0.6 respectively). For this variety, the root parameters showed an independence
from the growth-regulator concentration applied (Table 2).

3.4. Evaluation of the Air-Layering Propagation in the Various Tree Peony Cultivars

The rooting characteristics of the three tree peony cultivars ‘Baoqing Hong’, Quehao’,
and ‘Xishi’ in response to the NAA and IBA treatments were compared at the same con-
centration of 1000 mg/L. The results in Figure 3 show that ‘Quehao’ had a significantly
higher number of taproots and root tips, root lengths, and maximum root lengths than
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‘Baoqing Hong’ and ‘Xishi’, exhibiting highly advantageous root growth under air layering
(Figure 3A–D). Under NAA treatment, the root parameters of ‘Baoqinghong’, particularly
the number of taproots and the total number of root tips, were significantly higher than
those of ‘Xishi’. However, there was no significant difference in the total length and max-
imum root length of the primary roots between the two cultivars. The root parameters
(taproots number, root tip number, total root length and maximum root length) between
‘Baoqing Hong’ and ‘Xishi’ were similar under IBA treatment.

Figure 3. Comparison of the root characteristics among the three cultivars of tree peonies under air
layering. (A) Comparison of the number of taproots and root tips of three cultivars treated with NAA
at 1000 mg/L; (B) the total length and maximum root length of the primary roots of three cultivars
treated with NAA at 1000 mg/L; and (C,D) comparison of the same root characteristics among
the three cultivars treated with IBA at 1000 mg/L. BQH: Baoqing Hong; QH: Quehao; XS: Xishi.
a indicates significant differences, 0.01 < p < 0.05; and b indicates highly significant differences,
0.01 < p < 0.05.

4. Discussion

Tree peonies prefer dry and cold growth conditions, while the humid and hot climate
in Jiangnan area of China is not conducive to the growth of tree peony. Some varieties of
tree peony have better growth adaptability, but the performance of different varieties differs
greatly [7,31]. The three tree peony cultivars, ‘Baoqing Hong’, ‘Quehao’, and ‘Xishi’, belong
to the traditional Jiangnan cultivar group, and they have good growth adaptability in the
Jiangnan area [7,31]. To avoid poor experimental data due to the bad growth, these three
cultivars were selected to undergo air-layering propagation experiments. In our experiment
designed to evaluate the air-layering method for propagating the tested tree peony varieties,
we found that the variety ‘Quehao’ performed better than the varieties ‘Baoqing Hong’ and
‘Xishi’. The air-layering efficiency for this variety was good, and the root features were
satisfactory, showing a dose dependence in response to the growth regulator treatment.
This could be ascribed to the existence of root primordia in the cortexes of the branches
of the tree peonies, the number of which varies by cultivar [7]. ‘Quehao’ belongs to the
Huizi series of the Jiangnan cultivar group, which has a long cultivation history and better
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growth adaptability than ‘Baoqing Hong’ and ‘Xishi’ [7,31]. Considering the times of the
air layering and flowering, it is speculated that the differences in rooting after air layering
may have been related to the early and late flowering times among cultivar varieties.

The three air-layering times chosen were mid-May at the end of spring, mid-June in
early summer, and mid-July in midsummer, during tree peony fruit development. The
air-layering experiment results showed that air-layering time had a significant effect on
the rooting rate among the three tree peony cultivars. Similar findings have also been
reported in guava [32,33] and pomegranate cv. Bhagwa [34]. The rooting rates of the three
tree peony cultivars were significantly higher when layered in early summer than in spring
and midsummer. In early summer (mid-June), the seeds of tree peonies in the Jiangnan
region are in the period of nutrient accumulation [35], and therefore, the plant needs to
be supplied with a large quantity of nutrients for the seeds. It is possible that the phloem
of the branches is more active during this time, and this would account for the rapid
rooting on the callus. To corroborate this statement, it is reported in the literature that air
layering in Ilex verticillate provided the best results in June, and this was ascribed to the
fact that the fruits were forming and the branches were growing rapidly in that period [36].
Furthermore, in the Shanghai area, mid-June is the Meiyu season [37]. In our experiment,
the rooting of the air layers started 25–30 days after the air layering, and this happened
precisely in the Meiyu season. Humidity and temperature (22–25 ◦C) were very suitable
for air-layered branch rooting and the promotion of root growth. This result was consistent
with other studies, which found that air layering was beneficial during the wet season
when there was high humidity [29,30]. It has been revealed that the rooting rate of layered
shoots in the shea tree (Vitellaria paradoxa) under wet conditions is higher than that under
dry conditions [29]. The air-layered rooting percentage in guava (Psidium guajava) is due to
a particular combination of humidity, rainfall, and temperature [30], and similar findings
have also been reported by Shrivastava in Puncia granatum [38], Sharma and Grewal in
lithci [39], and Sarker and Ghose in guava [40].

The growth regulators NAA and IBA have a great influence on rooting characteris-
tics [41,42]. The rooting features of ‘Quehao’ under air layering were negatively correlated
with the concentration of NAA at 1000–2000 mg/L and positively correlated with the
concentration of IBA at 1000–2000 mg/L. These correlations were not observed for the
other tested varieties. It has been observed that IBA had a better rooting effect than NAA in
air-layered rooting in ‘Quehao’. According to our findings, the air-layered rooting charac-
teristics had a significant difference between the treatment types and concentrations among
the three cultivars. In air-layering studies of Lasiococca comberi, the rooting effect of IBA
has been reported to be much higher than that of NAA and indole-3-acetic acid (IAA) [43].
In contrast, in a study of Phoebe bournei using air layering, the rooting percentage was
significantly higher under the NAA treatment than that of IBA and IAA [24]. Therefore,
NAA as a treatment agent has a less clear effect on layering rooting than the IBA treatment.
The concentration of IBA used as the air-layering rooting growth regulator is obviously
different among plant species. In the case of propagation by air layering in avocado (Persea
sp.), the application of IBA increased the rooting percentage to a maximum of 74% at a con-
centration of 10,000 mg/L [44]. However, in the case of propagation by air layering in guava
(Psidium guajava), callus formation was reduced with increasing concentrations of IBA (2000,
4000, and 6000 mg/L), and its formation was completely inhibited at a concentration of
6000 mg/L IBA [45]. A similar trend was obtained in uva camarona (Macleania rupestris)
propagation by air layering, where a reduction in the dry and fresh weights of the roots
and callus was the result of concentrations greater than 1500 mg/L IBA [28]. We could
argue that in air layering, the choice of the growth regulators and the concentration should
be evaluated based on the crop, the genotype, and the growth and environmental features.

There was a great difference in the rooting rates and rooting characteristics among
varieties of tree peony cultivars. This implied that there is significant research space for
establishing efficient air-layering propagation protocols for various tree peony cultivars.
The time cycle for sexual reproduction of tree peonies is too long, and thus asexual repro-
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duction should be promoted in the future, particularly in the breeding of novel tree peony
cultivars as well as ancient tree peonies. The current experiments considered the effects of
the air-layering times as well as the growth regulator types and concentrations, but did not
consider the effects of the wrapping matrix shape, the ring stripping incision, the growing
media and substrate from the rhizosphere of this species, or microorganisms. These issues
require further experimental investigation.

5. Conclusions

This study clearly demonstrated that the application of the air-layering technique
in tree peonies could achieve successful propagation, and this has not been previously
reported. It was suggested that air-layering time had a significant effect on the rooting
rates among the three tree peony cultivars. The maximum rooting percentage (100%)
was present in the ‘Quehao’ cultivar at the air-layering time of early summer (mid-June).
The rooting parameters of ‘Quehao’ were negatively correlated with the concentration of
NAA (1000–2000 mg/L), but positively correlated with IBA (1000–2000 mg/L), whereas
those of ‘Baoqing Hong’ and ‘Xishi’ showed no dose dependence for the growth regulator
concentration. The parameters of the root number, root tip number, and maximum root
length of ‘Quehao’ were greater than those of the other two cultivars. The propagation
of tree peonies with air layering could be an effective method for consistently obtaining
plant material, especially for the promotion of high-quality tree peonies. Furthermore, this
also provides an avenue for the study of the rooting mechanisms and nutritional breeding
technologies of tree peonies.
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Abstract: The broad mite (Polyphagotarsonemus latus (Banks)) is an important pest in many crops,
including azalea (Rhododendron simsii Planch. hybrid). Broad mites cause the malformation of
shoot tips, leaves and flowers in azalea. It is known that the jasmonic acid (JA)- and salicylic acid
(SA)-dependent signaling pathways are related to the presence of herbivorous mites. Here, we
describe the levels of the two main plant defense-related hormones, SA and JA, in mite-infested
plants. The plant hormones were analyzed using liquid chromatography combined with tandem
mass spectrometry (LC-MS/MS). We studied both short-term hormonal responses under controlled
conditions with artificial inoculation, and long-term responses under culture conditions with natural
infestation. The long-term development of broad mite populations and hormone response were
studied during two subsequent growing seasons on 3 and 18 different cultivars, respectively. During
the experiments on 18 azalea cultivars under natural infestation, the presence of different species of
tarsonemid mites was also examined. JA concentrations only showed variation in the early phase
of infestation. Subsequently, the SA levels increased significantly for all the cultivars where broad
mites were detected. Based on the observed timing of the defense responses, we suggest that the
interaction of the JA and SA pathways as a defense response for pot azalea against P. latus involves
a primary plant response through the JA pathway. In the presence of the mites, the production of
SA increased in the plants in a later phase as the P. latus population grew. Our results also show
that the hormone response depends on type of mite. Changes in hormone levels were found upon
infestation with P. latus, but not in the presence of another frequently occurring tarsonemid mite,
Tarsonemus confusus Ewing.

Keywords: defense suppression; LC-MS/MS; mite defense; mite resistance; plant defense;
Tarsonemus confusus

1. Introduction

Pot azalea, commercially sold as a flowering indoor pot plant, is the main ornamental
plant produced in Belgium. In Europe, the main producers of azalea and Rhododendron
are Belgium and Germany, with export values of EUR 36 and 7 million, respectively.
The modern pot azalea traces its roots to at least four species, the most important being
Rhododendron simsii Planch. The introduction of R. simsii in Belgium dates back to 1818 [1].
Other parental species are Rhododendron indicum (L.) Sweet, R. mucronatum G.Don and R.
scabrum G.Don [2,3]. The production area in Belgium is around 230 ha, and almost all
companies are located around Ghent [4,5]. Pot azalea is propagated by cuttings and its
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production cycle takes almost two years, combining greenhouse cultivation with outdoor-
container field cultivation during summer.

The broad mite, Polyphagotarsonemus latus (Banks) (Acari: Tarsonemidae), is an im-
portant pest on many commercial crops and this mite has been reported in most parts of
the world. The first record in Europe dates back to 1961 when the broad mite was found
in Italy [6]. Since then, broad mites have been found in other European countries, and
in Belgium, it was reported on pot azalea in the mid-1980s [7]. Restrictions on the use
of broad-spectrum pesticides are the main reason for the significant increase in the pest
status of broad mites in pot azalea in recent years. The broad mite causes esthetic damage;
on azalea, it is responsible for the bronzing, browning and curling of apical leaves, and
can cause leaves to become brittle, rigid and stunted with the edges curled downwards.
Flowers also become malformed and discolored. Broad mites are very small (<200 μm)
and can only be detected using a microscope. A small number of 20 mites or less can
cause serious economic damage in crops such as pepper [8,9], cucumber [10], lime [9]
and chili [9,11]. Also in pot azalea, it has been shown that low mite numbers can lead to
high damage rates [12]. Even after treatment, symptoms may continue to develop [13]
and damage initiated in a plant progresses even when mites are no longer present. In his
review on broad mites, Gerson [13] suggested that the symptoms are caused by toxins.
This conclusion was based on the persistence of symptoms for some weeks post-treatment.
These putative toxins would explain the appearance of injuries very shortly after the initia-
tion of a mite attack, and the later occurrence of symptoms at a distance from the site of
mite feeding.

Differences in susceptibility to broad mites have been observed in pot azalea, along
with the damage rate, and in relation to the population sizes of P. latus on the tested azalea
cultivars [12]. Trichomes (plant hairs) are potentially involved in broad mite resistance
in pot azalea [14]. Additionally, in Capsicum species, trichomes are known to act as a
limiting factor for the development of broad mites [15]. In plants, trichomes can act as a
physical barrier and chemical repellent to insect or mite attacks [16]. In pot azalea, four
types of trichome are described. All pot azaleas have long non-glandular trichomes; in
addition, there are three types of short trichomes. They are thorn-like trichomes, short
non-sticky trichomes and short trichomes with glandular ends (plants with these trichomes
also have sticky leaves). There are indications that the latter are related to broad mite
resistance. However, this is not the only discriminative trait, as in certain susceptible
cultivars, trichomes with glandular ends were observed [17]. Recently it was shown
that wounding or exogenous jasmonic acid (JA) treatments are able to promote trichome
development and enhance insect resistance [16].

For decades, researchers have already known that plants have a defense network
dependent on phytohormones, which translates stresses of biotic or abiotic origin into plant
defense responses. Jasmonic acid (JA) and salicylic acid (SA) are known to serve as the
primary signals of the plant’s immune response. SA and JA work antagonistically and use
other hormones to fine-tune immune responses built on SA and JA [18].

SA is most recognized as primarily being induced in the mediation of attacks by
biotrophs [19], whereas JA is involved in defense against necrotrophic pathogens [20] and
herbivores [21]. As reviewed by Pieterse et al. [18], well-known trade-offs exist between SA-
dependent resistance and JA-dependent defense in disease and pest resistance. However,
neutral and synergistic interactions have also been described [18]. Most studies focus on
plant pathogens, but in recent years, a large number of studies have also examined plant
defense responses for herbivores. For example, in a study on tomato and the two-spotted
spider mite, different types of interaction have been described. These different interaction
types, including direct and indirect defenses, were reviewed by Blaazer et al. [22]. Their
review shows that both JA and SA are related to the presence of herbivorous mites. In
brief, (1) the accumulation of SA and JA can be triggered in tomato as a plant response
at the start of mite infestation; (2) the levels of both JA and SA can decrease as a result of
defense suppression by the mites; and (3) intraspecific variation in natural mite populations,
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especially in polyphagous mites, can have an effect on the plant–mite interaction. Not only
is the herbivore–plant relationship involved, but so is the attraction of natural enemies by
the emission of volatile compounds. Specifically, for P. latus in cucumber leaves, both the JA-
and SA-dependent pathways are activated, and possibly an oxidative stress response [23].
To examine the possible involvement of the JA signaling pathway in the defense response
against P. latus, [23] evaluated feeding on wild-type (WT) tomato ‘Castlemart’ and on def-1,
a mutant impaired in JA biosynthesis. In the WT plants, broad mite feeding did not affect
growth or leaf development, but in the def-1 plants, 50–60% inhibition was observed. Mite
populations developed only on def-1 plants, as was shown by progeny counts. Furthermore,
P. latus prefers JA-defective mutants, and therefore, is able to actively discriminate between
resistant and susceptible plants [23,24]. Therefore, it was concluded by [23] that the JA
pathway is likely to play an important role in the resistance response against P. latus [23].

Different JA and SA biosynthesis marker genes in azalea have been studied [25]. To
obtain insight into the molecular mechanisms behind the interaction between P. latus and
the R. simsii hybrid, the expression levels of genes involved in the infestation of leaves with
broad mites were analyzed. The focus was on JA and it was shown that transcript levels
of marker genes for the JA biosynthesis pathway were significantly induced upon P. latus
infestation in the R. simsii hybrid.

In this research, we aimed to study the relationship between the presence of broad
mites and plant defense hormone levels in pot azalea (R. simsii hybrid). The hormonal
responses were evaluated shortly after infestation, but the long-term responses were also
analyzed. Another aim was to evaluate the variation in susceptibility to broad mites
in different pot azalea cultivars. Additionally, we also wanted to observe other mites,
such as Tarsonemus confusus, on pot azalea, for which it is uncertain if they should be
considered harmful.

2. Materials and Methods

2.1. Plant Material and Sampling
2.1.1. Experiment 1—Defense Hormone Analysis after Broad Mite Infestation under
Controlled Conditions in Two Cultivars of Pot Azalea Shortly after Infestation (Up to
11 Days)

In a controlled experiment and immediately after infestation with broad mites, the JA
and SA levels in azalea plants were analyzed. Two cultivars with well-known resistance—
‘Nordlicht’ (susceptible cultivar) and ‘Elien’ (resistant cultivar)—were used [12]. The levels
of SA and JA were compared between infested and uninfested plants.

The plants were grown on ebb and flow tables. The plants were infested artificially
by surrounding them with Hedera helix L. infested with broad mites, as described in
Luypaert et al. [25]. The samples for LC-MS/MS analysis and for the quantification of
the number of mites were taken as shoot tips at 4, 6, 8 and 11 days post-inoculation (dpi).
Five independent biological replicates were taken at each time point (n = 5), with one
shoot tip per replicate for LC-MS/MS analysis and another for mite counts. The samples
for LC-MS/MS analysis were flash-frozen in liquid nitrogen and stored until analysis at
−80 ◦C. The broad mites were extracted from the sampled shoots following the three-step
detection method including (1) sampling of shoot tips, (2) isolation of the mites in 70%
ethanol and (3) sieving and vacuum filtration to facilitate counting [26]. Subsequently, the
mites were counted using a binocular microscope (Olympus SZX16, Antwerp, Belgium;
max 115×).

2.1.2. Experiment 2—Defense Hormone Analysis under Natural Infestation in Three
Cultivars of Pot Azalea during the Growing Season (Up to 32 Weeks)

In experiment 2, the natural occurrence of broad mites was monitored and correlated
to the hormone levels. Three azalea cultivars were studied during a growing season of
32 weeks. The three cultivars used—‘Nordlicht’ (susceptible cultivar), ‘Mevrouw Gerard
Kint’ (intermediate response) and ‘Elien’ (resistant cultivar)—differed in their susceptibility
to P. latus: [12].
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Each cultivar had one replicate with 100 plants and was placed on a separate green-
house bed comparable to the setup in commercial cultivation. Luypaert et al. [12] tested a
randomized cultivar setup and a setup grouped per cultivar. They concluded that random-
ization leads to a bias caused by the attractiveness of different azalea cultivars to broad
mite; thus, in the present experiment, the plants were grouped according to cultivar. In
experiment 2, no tarsonemid mites were artificially introduced into the crop. Instead, the
natural distribution of P. latus was monitored closely.

The plants were sampled between 19 January (W3) and 13 September (W37). Every
two weeks, samples were taken for the estimation of mite numbers. The dates and week (W)
numbers of sampling were: 19 January (W3), 1 February (W5), 15 February (W7), 3 March
(W9), 16 March (W11), 30 March (W13), 13 April (W15), 27 April (W17), 11 May (W19),
8 June (W23), 21 June (W25), 6 July (W27), 19 July (W29), 2 August (W31) and 31 August
(W35) (there was no sampling for mite counts in W21 and W33). For the counting of
mite numbers at every time point, three biological replicates were taken (n = 3) with three
replicate shoot tips per replicate.

The shoot tips were sampled for stress hormone analysis every month and, once the
presence of broad mites was observed, every two weeks. The dates and week numbers of
sampling were: 15 February (W7), 16 March (W11), 13 April (W15), 11 May (W19), 9 June
(W23), 22 June (W25), 5 July (W27), 19 July (W29), 2 August (W31), 16 August (W33),
30 August (W35) and 13 September (W37). For ‘Mevrouw Gerard Kint’, samples were taken
separately on plants showing symptoms and plants without symptoms in W33 and W35,
and for ‘Nordlicht’, separate samples were taken in W31, W33 and W35. Three independent
biological replicates were taken per cultivar and per sampling date (n = 3) with three to
five shoot tips per sample of the different plants. The samples were flash-frozen in liquid
nitrogen and stored until analysis at −80 ◦C.

According to standard cultivation procedures, the plants were cut back in W5 (after
sampling), W20 and W35 (after sampling). Sampling for mite counts stopped with the
last cut in W35. One extra sample for defense hormone analysis was taken from the fresh
shoots in W37.

Broad mites were extracted and counted as described in experiment 1. The morpholog-
ical identification of mites was conducted using a light microscope (Leica DM2000, Diegem,
Belgium; max 400×).

2.1.3. Experiment 3—Defense Hormone Analysis under Natural Infestation in 18 Cultivars
of Pot Azalea and Occurrence of Mite Species during the Growing Season (30 Weeks)

In total, 18 commercial cultivars of pot azalea were used in the experiment. Eight of
these cultivars were previously tested for susceptibility [12] (Table 1). For each replicate,
24 plants of one cultivar were placed in a greenhouse. To avoid dispersion of the mites
between cultivars, sticky plates (Biobest Bug Scan IVOG system—yellow) were installed
between the blocks of plants. No tarsonemid mites were introduced in the crop, but the
natural distribution of the different species of tarsonemid was monitored closely.

To estimate mite numbers, the plants were sampled every two weeks between 20 Oc-
tober (W42) and 9 May (W19). On four dates—1 February (W5), 6 March (W10), 28 March
(W13) and 27 April (W17)—shoot tips were sampled for JA and SA analysis. Sampling for
defense hormones was conducted according to experiment 2: three independent biological
samples were taken per cultivar and per sampling date with 3 to 5 shoot tips per sample
of the different plants (n = 3). Tarsonemid mites were sampled (3 shoot tips per cultivar)
and counted using a binocular and identified morphologically using a light microscope, as
described in experiment 2. Damage was calculated per cultivar by counting the number of
plants with damage.

In this experiment, we looked in more detail at the different mite species known
for their occurrence on pot azalea. Besides Polyphagotarsonemus latus, identification keys
were used for four Tarsonemus species: Tarsonemus confusus, T. bilobatus Suski, T. floricolus
Canestrini & Fanzago, T. lacustris Schaarschmidt, species of the genus Xenotarsonemus Beer,
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and the species Phytonemus pallidus (Banks). For the identification of these mite species, all
the collected specimens were mounted on slides for microscopic observation [27–29].

Table 1. Rhododendron simsii hybrids used in the different experiments; cultivars marked with * are
also used in Luypaert et al. [12].

Cultivar Name Parentage / Background * Used in Luypaert et al. [12]

‘Amélie’ sport from ‘Thesla’ y

‘Elien’ sport from ‘Mistral’ x *
‘Fluostern’ sport from ‘Sachsenstern’ y

‘Franziska R.’ sport from ‘Michelle Marie’ x

‘Huelsten’ sport from ‘Helmutt Vogel’ x

‘Inka’ sport from a ‘Helmutt Vogel’ sport x

‘Leonardo’ seedling with unknown parents y

‘Luntera’ sport from a ‘Helmutt Vogel’ sport x

‘Mevrouw Edmond Troch’ sport from a ‘Helmutt Vogel’ sport x

‘Mevrouw Gerard Kint’ (picotee) sport from ‘Glaser Nummer 10’ x *
‘Mevrouw Gerard Kint’ (red) sport from ‘Mevrouw Gerard Kint’ y

‘Michelle Marie’ seedling x ‘Rosali’ x *
‘Nordlicht’ sport from ‘Helmutt Vogel’ x *
‘Otto’ ‘Friedhelm Scherrer’ x seedling x *
‘Renato’ derived from ‘Glaser Nummer 10’ x

‘Sachsenstern’ Sport from unknown seedling x *
‘Tamira’ Seedling with unknown parents x *
‘Thesla’ Seedling ‘Sankt Valentin’ x ‘Mevrouw Gerard Kint’x *

x Parentage and background information based on Heursel et al. [2], y Parentage and background information
obtained from growers.

2.2. JA and SA Analysis

In experiment 1, the extraction and analysis of phytohormones SA and JA were
conducted according to Bosco et al. [30]. In brief, at −80 ◦C, frozen leaf samples were kept
in liquid nitrogen and were ground using a mortar and pestle before 20 mg of homogenized
sample material was extracted with 2 mL solvent mixture methanol:water:acetic acid
(10:89:1) and spiked with 2H4-SA (Olchemim, Olomouc, Czech Republic) and 2H6-JA
internal standards (Olchemim, Olomouc, Czech Republic). The samples were extracted
at 4 ◦C on a shaker (210 rpm) for 16 h. Subsequently, the samples were vortexed and
filtered using a 0.22 μm Millex-GV filter (Millipore, Billerica, MA, USA), and the extract
was collected in glass tubes. Then, 1 mL of the extract was loaded onto Oasis MCX 1 cm3

cartridges (Waters, Milford, MA, USA) (preconditioned with 1 mL pure methanol and
1 mL milliQ water). After loading the samples, 0.5 mL milliQ water was used to wash the
cartridges. The flow-through was discarded and the columns were eluted under vacuum
with 1 mL methanol. In a warm water bath (35 ◦C, nitrogen atmosphere), the eluates were
evaporated to dryness. For resuspension of the eluates, 0.5 mL 75% methanol was added.
The extract was again filtered through a 0.22 μm Millex-GV filter and transferred to a
micro-vial prior to the injection of 10 μL into the LC-MS/MS. External calibration curves
were used to calculate the final concentrations of the samples for JA (Olchemim, Czech
Republic) and SA (Sigma-Aldrich, Bornem, Belgium).

In experiments 2 and 3, extraction was based on Sanchez-Bel et al. [31] using diethyl
ether as solvent. Before analysis, the frozen samples were ground and lyophilized. All
the steps were performed on ice. Per sample, 20 mg of lyophilized plant material was
placed in a glass tube and spiked with internal standard 2H4-SA (Olchemim, Olomouc,
Czech Republic) and 2H6-JA internal standard (Olchemim, Czech Republic) prepared in
MeOH/water (75/25). Subsequently, 2.5 mL ultrapure water was added. The samples
were shaken on ice for 30 min (150 rpm) and centrifuged (cooled; 5000× g) for 40 min. The
supernatant was adjusted to pH 2.8 with 6% acetic acid. The samples were partitioned
twice against diethyl ether. Subsequently, the total eluate was evaporated using nitrogen
gas at 35 ◦C, and the residues were dissolved in 1 mL water/methanol 25:75 and put on

258



Horticulturae 2022, 8, 840

a 0.22 μm PVDF filter. The filtrate was put in a micro-vial and stored at 4 ◦C prior to
injection (10 μL) into the UHPLC−MS/MS system. In experiments 2 and 3, the level of
JA present was calculated using a calibration curve (relative), but without the use of an
internal standard.

The advantage of the protocol based on Sanchez-Bel et al. [31] in experiments 2 and 3,
compared to Bosco et al. [30] used in experiment 1, is that the extraction is conducted on
dry plant material. This results in lower variation in the measured values. Moreover, the
protocol using dry plant material is more simple and makes no use of expensive solid-phase
extraction columns that can also compromise the recovery of some compounds. Therefore,
in experiment 1, the hormone levels are expressed as fresh weight (fw), and in experiments
2 and 3, the hormone levels are expressed as dry weight (dw).

For all the experiments, the analysis was run on an Acquity UHPLC system coupled
with a Xevo TQ-S triple quadrupole MS detector (Waters, Milford, MA, USA), as described
in Bosco et al. [30].

2.3. Statistical Data Analysis

The LC-MS/MS data were acquired using MassLynx, version 4.1 (Waters, Milford,
MA, USA), and data processing of the acquired LC-MS/MS data was performed using
Targetlynx (Waters, Milford, MA, USA). The types of statistical test used are mentioned
with the different experiments in the Section 3 and in tables and graphs.

3. Results

3.1. Experiment 1— Defense Hormone Analysis after Broad Mite Infestation under Controlled
Conditions in Two Cultivars of Pot Azalea Shortly after Infestation (Up to 11 Days)

In experiment 1, the phytohormone level was determined in R. simsii ‘Elien’ and
‘Nordlicht’ at four time points upon artificial infestation. On ‘Nordlicht’, the first mites
were observed at 6 dpi, while on ‘Elien’, the first observation was at 8 dpi. At 11 dpi, the
final day of observations, the number of mites on ‘Nordlicht’ increased to 12.4 ± 4.4, while
on ‘Elien’ at the same time point, 1.4 ± 1.2 mites were counted. Figure 1 shows the levels of
JA over the course of 11 days. The infestation of R. simsii ‘Nordlicht’ had no effect on the JA
level (Figure 1). In contrast, ‘Elien’ had a significantly higher level of JA when comparing
the P. latus-infested plants to the control plants (mock) at 6 dpi.

Figure 1. Levels of jasmonic acid (JA) in experiment 1 analyzed 4, 6, 8 and 11 days post-infestation
(dpi) in the pot azalea cultivars ‘Nordlicht’ (a) and ‘Elien’ (b). Treatments are mock or Polyphago-
tarsonemus latus-infested leaflets and presented as the average (+SE) (n = 5). Significant differences
compared to the respective mock are marked: ns = not significant; ** p < 0.01 (Mann–Whitney U).
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The SA levels are expressed as the relative response: area analyte/area internal stan-
dard. As sample preparation required ground fresh leaves, the hormone levels are ex-
pressed as fresh weight. The levels of free SA in ‘Nordlicht’ were increased by 1.6, 10.4,
6.3 and 18.7 at 4, 6, 8 and 11 dpi, respectively (Table 2). Statistical differences were only
observed at 6 and 11 dpi (Mann–Whitney U, p < 0.05). In contrast, in ‘Elien’ the level
of free SA remained relatively stable. Across all the time points after P. latus infestation,
the increase in the level of free SA was 1 to 1.6 times baseline; these differences were not
statistically significant (Mann–Whitney U, p < 0.05).

Table 2. The relative difference in salicylic acid content in the pot azaleas ‘Nordlicht’ and ‘Elien’.
Leaflets are analyzed 4, 6, 8 and 11 days post-infestation (dpi) with Polyphagotarsonemus latus or mock
treatment (experiment 1). Relative differences are calculated as the ratio of area analyte/internal
standard of infested leaves and mock treatment (n = 5) (Mann–Whitney U, p-values are given).

Genotype Time Point (dpi) Treatment
Area

Analyte/Area
Internal Standard

Relative
Difference of SA

Content

Level of
Significance

(p-Value)

‘Nordlicht’ 4 Mock 0.11
1.6 0.09P. latus infestation 0.16

6 Mock 0.08
10.4 0.01P. latus infestation 0.83

8 Mock 0.10
6.3 0.09P. latus infestation 0.60

11 Mock 0.12
18.7 0.01P. latus infestation 2.17

‘Elien’ 4 Mock 0.10
1.48 0.19P. latus infestation 0.15

6 Mock 0.16
1.21 0.69P. latus infestation 0.19

8 Mock 0.15
0.99 1.00P. latus infestation 0.14

11 Mock 0.13
1.62 0.31P. latus infestation 0.22

3.2. Experiment 2—Defense Hormone Analysis under Natural Infestation in Three Cultivars of Pot
Azalea during the Growing Season (Up to 32 Weeks)

The plants were examined for the presence of mites from January onward, but it took
until W19 for the first P. latus mite to be observed on ‘Mevrouw Gerard Kint’. A large
number of 28 mites was found on ‘Nordlicht’ in W25 (Figure 2). In W29, large numbers
of mites, 36.3 (SD ± 48.5), were found on ‘Mevrouw Gerard Kint’. On ‘Elien’, during the
whole experiment, only a limited number of two mites was counted (W29). No mites were
extracted on the other dates. When symptoms of mite infection were observed in a cultivar,
this was always locally at first, and subsequently spread to a larger area.

A significant increase in SA was found in ‘Mevrouw Gerard Kint’ and ‘Nordlicht’ after
observations of mite infestations. In ‘Elien’, the levels of SA were very low during the
whole growing period (Figure 2). The differences between the plants of ‘Nordlicht’ with
and without visual symptoms were not significant in W31. In W33 and W35, the differences
between symptomatic and asymptomatic plants were significant for both ‘Mevrouw Gerard
Kint’ and ‘Nordlicht’ (t-test; p < 0.05). The levels of JA were low in April but increased in
all three cultivars from W19 onward. From W35, a decrease in JA levels was observed.
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Figure 2. Experiment 2: Mean numbers of the mite Polyphagotarsonemus latus (n = 3) counted on
different sampling dates (12 time points) for ‘Nordlicht’ (a), ‘Mevrouw Gerard Kint’ (d) and ‘Elien’ (g),
and respective levels of salicylic acid (SA) (b,e,h) and JA (c,f,i) (data are means ± SD) (n = 3). In
‘Nordlicht’ (weeks 31, 33 and 35) and ‘Mevrouw Gerard Kint’ (weeks 33 and 35) samples were taken
separately for plants showing symptoms and plants without symptoms (n = 3).

3.3. Experiment 3—Defense Hormone Analysis under Natural Infestation in 18 Cultivars of Pot
Azalea and Occurrence of Mite Species during the Growing Season (30 Weeks)

Different mite types were detected during the experiment. Only four mite species
occurred; in order of prevalence (total numbers counted during the experiment are given):
P. latus (counted mites: 3889), T. confusus (counted mites: 552), Xenotarsonemus spp. (counted
mites: 34), P. pallidus (counted mites: 10) and T. floricolus (counted mites: 4). No specimens
were found for T. bilobatus or T. lacustris.

No correlations (Pearson) were found between the mite numbers of P. latus and
T. confusus. Nevertheless, we observed that the cultivars with no observations of P. latus
also showed low numbers of T. confusus. This results in a moderate Spearman’s rank
correlation: r = 0.55 (p < 0.01). Plant damage was caused by the occurrence of P. latus, as
shown by a high Pearson correlation between the total number of P. latus mites and the
number of plants showing damage: r = 0.89 (p < 0.0001). The same correlation calculated
between T. confusus and plants showing damage was low and not significant.

The first P. latus mites were found at the start of the experiment in W42 on ‘Leonardo’.
The first symptoms were only observed in W47 on ‘Franziska R.’. This cultivar showed
increasing damage afterwards. Later, symptoms were also seen on the cultivars ‘Michelle
Marie’, ‘Fluostern’, ‘Mevrouw Gerard Kint’ (red), ‘Otto’, ‘Leonardo’ and ‘Renato’.

No P. latus mites were observed during the experiment on the cultivars ‘Elien’, ‘Inka’,
‘Huelsten’ or ‘Sachsenstern’. On ‘Mevrouw Edmond Troch’, only a single P. latus mite
was counted on the last sampling date. While P. latus was not found on several cultivars,
T. confusus was found on all the cultivars. Xenotarsonemus spp. were present on all the
cultivars except ‘Schachsenstern’, ‘Mevrouw Gerard Kint’ (picotée), ‘Luntera’ and ‘Otto’.

The highest total number was counted on ‘Otto’ (counted mites: 741), followed by
‘Leonardo’ (counted mites: 521) and ‘Mevrouw Gerard Kint’ (red) (counted mites: 451). All
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these cultivars showed infestation at an early stage of the experiment. On ‘Michelle Marie’,
infestation was already present in December (W51), although the mite numbers did not
increase considerable compared to the other cultivars. An overview of the occurrence of P.
latus on the different cultivars is given in Figure 3.

 
Figure 3. Experiment 3: mite numbers of Polyphagotarsonemus latus (total of 3 shoot tips) counted on
different sampling dates (every two weeks, 15 time points) and levels of salicylic acid (SA) (+ SD)
(n = 3) in 18 cultivars of pot azalea. With low SA levels (Y-axis up to 200 ng/g dw): ‘Amélie’ (a),
‘Elien’ (b), ‘Huelsten’ (c), ‘Inka’ (d), ‘Luntera’ (e), ‘Mevrouw Edmond Troch’ (f), ‘Mevrouw Gerard
Kint’ (picotee) (g), ‘Nordlicht’ (h), ‘Sachsenstern’ (i), ‘Tamira’ (j) and ‘Thesla’ (k). With high SA levels
(Y-axis up to 2500 ng/g dw): ‘Fluostern’ (l), ‘Franziska R.’ (m), ‘Leonardo’ (n), ‘Mevrouw Gerard
Kint’ (red) (o), ‘Michelle Marie’ (p), ‘Otto’ (q) and ‘Renato’ (r).
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In all the cultivars, the levels of SA increased in March (W9 to W13) compared to
W5. A Pearson correlation was calculated between the maximum number of mites and the
SA levels in W10. The correlation was high, with, respectively, r = 0.75 (p = 0.0002) and r
= 0.84 (p < 0.0001) when the mite numbers of W9 and W11 were correlated with the SA
levels on W10. Moreover, for all the cultivars, the correlation was very high, with r = 0.84
(p < 0.00001) when the total mite numbers across the entire experiment were correlated to
the SA level found in W10.

For 11 cultivars, no P. latus mites were observed before W9. This was the case for:
‘Elien’, ‘Huelsten’, ‘Inka’, ‘Sachsenstern’, ‘Troch’, ‘Nordlicht’, ‘Tamira’, ‘Mevrouw Gerard
Kint ‘ (red), ‘Thesla’, ‘Amélie’, ‘Luntera’ and ‘Mevrouw Gerard Kint’ (picotee). All these
cultivars had an SA level between 43.5 and 53.4 ng/g dw in W9. For cultivars with only
a few mites, such as ‘Michelle Marie’ (counted mites: 5) and ‘Renato’ (counted mites: 6),
in W9, the SA levels rose to 539.9 and 344.8 ng/g dw, respectively. The highest number of
mites in W9 was counted on ‘Otto’ (counted mites: 44) and ‘Fluostern’ (counted mites: 50);
these cultivars had SA levels of 1498.1 and 1475.1 ng/g dw, respectively (Figure 3).

Although in W13, the non-infected cultivars showed lower levels of SA, the correlation
between the SA levels and mite numbers for all cultivars at this time point was still very
strong (r = 0.85; p < 0.0001). Two cultivars showed symptoms only on part of the plant.
Therefore, the samples taken from symptomatic vs. asymptomatic plants were analyzed
separately. In both cultivars, huge differences in the SA level between symptomatic and
asymptomatic plants were observed. For ‘Michelle Marie’, the plants with symptoms had
an SA level of 852.0 ng/g dw compared to 15.1 ng/g dw in plants without symptoms.
For ‘Leonardo’, symptomatic plants had an SA level of 2204.1 and asymptomatic plants
254.3 ng/g dw. Only these two cultivars, ‘Michelle Marie’ and ‘Leonardo’, had relevant
levels of JA when comparing plants with and without symptoms (Figure 4). In both
cultivars, the levels of JA in plants showing symptoms were around 10 and 20 times
higher in ‘Michelle Marie’ and ‘Leonardo’, respectively, in comparison to plants showing
no symptoms.

Figure 4. Jasmonic acid (JA) levels on the pot azalea cultivars ‘Michelle Marie’ (a) and ‘Leonardo’ (b).
Plants showing symptoms and plants without symptoms of infestation by Polyphagotarsonemus latus
were sampled separately. Data are means ± SD (n = 3).

4. Discussion

The study of plant–arthropod interactions lags behind the study of plant–pathogen
interactions. However, in recent years, plant–herbivore interactions have received increas-
ing attention. For mites, plant reactions to the presence of the two-spotted spider mite
(Tetranychus urticae Koch) have been studied most, as reviewed by Agut et al. [32] and
Blazer et al. [22]. In the present study, we have focused on the relationship between the two
main plant defense hormones, SA and JA, in response to broad mite presence in pot azalea.
Our results are in line with the general accepted idea that the JA pathway is involved
in defense against herbivores [21]. It is known that endogenous bioactive plant defense
hormones such as JA are present in low levels in the plant, but accumulate upon herbivore
feeding or wounding [33]. The results of experiment 1 under controlled conditions and of
experiment 3 under natural infestation during the growing season showed that an increase
in JA is only found at specific time points and early after infestation. In experiment 2, no
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significant changes in JA levels were observed. As suggested by Luypaert et al. [17], the
timing of sampling is essential while measuring hormonal changes. Additionally, infes-
tation pressure at the time of sampling plays a role in the observed hormone levels. The
present study confirms the findings of Luypaert et al. [25], that P. latus infestation activates
JA-dependent pathways most strongly at earlier time points (5–12 dpi) in R. simsii hybrids.
In preliminary laboratory tests using floating leaf discs, it was shown that after the artificial
application of 50 or 100 μM MeJA, the population growth of P. latus on R. simsii ‘Nordlicht’
significantly decreased [17]. Luypaert et al. [25] isolated different JA biosynthesis marker
genes in azalea to obtain insight into the molecular mechanisms behind the interaction
between P. latus and the R. simsii hybrid. Transcript levels of marker genes for the JA
biosynthesis pathway were significantly induced upon P. latus infestation in the R. simsii
hybrid [25]. This strengthens our hypothesis of an early-induced plant defense based on
the JA response upon P. latus infestation in pot azalea.

The high increase in SA levels upon broad mite infestation is in contrast with the
expected plant defense response. The SA pathway is often associated with defense against
biotrophic pathogens [19]. Arena et al. [34] found, in Arabidopsis thaliana (L.) Heynh., a
simultaneous increase in the levels of SA and JA when the plants were infested with false-
spider mites of the genus Brevipalpus Donnadieu. They also evaluated mite performance
on Arabidopsis mutants impaired in their SA or JA response and showed a function for
the SA-mediated pathway in improved mite reproduction. Therefore, it is suggested that
Brevipalpus mites manipulate the plant defensive response via the SA-mediated pathway
for their own benefit [34].

In our study, significant increases in SA level were strongly related to the presence
of broad mites. Levels remained low when no mites were present. In experiment 3 with
18 cultivars tested, an especially strong correlation was found between the rising number
of mites in W9 (r = 0.75) and W11 (r = 0.84) and the SA level in W10. An increase of
up to almost 100 times the SA level was measured in the susceptible cultivar ‘Nordlicht’
(experiment 2). These high SA levels where still observed during the following months
of infestation. At the same moment, in ‘Mevrouw Gerard Kint’, a cultivar with moderate
susceptibility, the increase in SA was lower, while in ‘Elien’, a resistant cultivar, no change
in the SA level was observed.

In preliminary tests with a floating disc assay, the application of 50 or 100 μM SA
had no significant effect on the broad mite population size [35]. Other preliminary data
suggest that the application of SA can lead to increasing population sizes of broad mites,
but this depends on the SA concentration applied. Additionally, the expression of SA
marker genes isolated after P. latus infestation in the R. simsii hybrid was not clear [25]. Our
SA analysis, however, could not confirm their conclusion that the SA biosynthesis pathway,
led by either RsPAL or RsICS, was suppressed at later time points in response to P. latus
infestation in pot azalea. If no local increase in transcript levels is observed, a systemic
response of signaling molecules in plant defense for stronger and faster defense responses
could be a hypothesis [36]. JA, for example, will not only accumulate at the sites of local
wounding, but also in undamaged, more distal leaves. This increase can be found within
two minutes [33]. For SA, more data are available in relation to pathogen-induced SA,
which was also shown to act systemically in the plant and was found in the phloem [37].

In tomato, P. latus prefers plants deficient in the JA pathway compared to wild-type
plants [38]. Treatment of the JA-deficient plants made them as unattractive as the wild-type
plants. The wild-type plants infested by broad mites showed an increase in JA-related
transcripts. In a study by Grinberg et al. [9] using Northern blot analysis, it was shown that
both the JA and SA pathways are activated in response to broad mites on cucumber. In
citrus, P. latus infestation activated both the JA- and the SA-dependent pathways in sour
orange but no activation was observed in Cleopatra mandarin [39].

From our results, it is probable that in an early phase of infestation, the plant responds
by activating the JA-dependent pathway; subsequently, the JA levels drop quickly and a
switch is made to the production of SA. Because of the small timeframe, it is possible that
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the increase in JA was not observed in some of our experiments under natural infestation,
as the exact moment of mite infestation is difficult to determine. In experiment 1, under
controlled infestation conditions, it is shown that the JA level can change in a time period
of only two days. Under culture conditions, as applied in experiments 2 and 3, not all
cultivars and not all plants within one cultivar experience the same infestation pressure.
Differences in JA content could be observed when symptomatic and asymptomatic plants
were compared at the moment the mite population start to build up, as was the case for
‘Michelle Marie’ and ‘Leonardo’ (experiment 3). Because timing is crucial, further research
would be needed to elucidate the switch from the JA- to the SA-dependent pathway.

The key question to be elucidated is that of whether P. latus is able to suppress plant
defense by modulating the action of SA in response to JA. If so, a plausible answer might be
that P. latus mites inject effectors, interfering with host immune responses. To date, no data
for P. latus are available, but this phenomenon is known to occur in phytopathogens [40],
aphids [41] and nematodes [42]; additionally, spider mites might secrete effectors via their
saliva [43,44]. For example, strains of the spider mites Tetranychus urticae and T. evansi
Baker & Pritchard can suppress the expression of SA and/or JA marker genes [21,44–46].
The genomic data of P. latus, in accordance with the whole spider mite genome, would
provide evidence if this mite species is also able to encode putative salivary proteins [47].
Another alternative might be that P. latus is a vector for phytopathogens that have been
implicated in the suppression of plant defenses. The hypothesis of virus transmission by
P. latus feeding on plants is experimentally rejected [48,49], still leaving the possibility of
transmitting bacteria or fungi.

For whitefly, Bemisia tabaci (Gennadius),2 under laboratory and semi-field conditions,
examples are known of JA suppression in correlation with the induction of SA [50–52].
Negative crosstalk between the SA and JA defense pathways is often displayed. For
example, the suppression of JA can be an effect of antagonistic crosstalk through strong
SA induction [18]. However, suppression can also occur downstream of phytohormone
accumulation and independently of JA-SA crosstalk [53].

The conclusion on the role of JA in the defense of pot azalea against broad mite is
supported by the findings that the application of MeJA had a negative effect on the fitness of
P. latus in the pot azalea cultivar ‘Nordlicht’ when compared to a control treatment [35]. This
is in accordance with the reports of decreases in spider mite population growth after the
application of MeJA [32,54–59]. In pot azalea, the negative effect of MeJA on the population
of P. latus was related to the concentration applied: for 50 and 100 μM MeJA, the population
growth decreased by a factor 3.2 and 2.3, respectively [35]. Choh et al. [60] reported a
similar effect as the number of eggs produced by T. urticae on lima beans (Phaseolus lunatus
L.) differs in relation to the JA concentration applied. Additionally, in the T. urticae-sensitive
Cleopatra mandarin, MeJA treatment significantly reduced the number of eggs produced
by the spider mite, whereas salicylic acid had no effect on the oviposition of T. urticae [32].

For the eight cultivars used in the study of Luypaert et al. [12] and in experiment 3,
correlations between the experiments were found for mite numbers and for damage rates,
but the correlations were not significant. Previous studies on pot azalea and broad mite
interaction showed that leaf damage does not always correlate well with the number of
mites found on the plant [12]. However, our results regarding susceptibility confirmed
the study of Luypaert et al. [12], with ‘Elien’ as the most resistant and ‘Otto’ being the
most susceptible cultivar. Similar results were found for cultivars with a shared genetic
background. ‘Huelsten’, ‘Inka’, ‘Lunterra’, ‘Mevrouw Edmond Troch’ and ‘Nordlicht’ all
are sports of ‘Helmutt Vogel’. In these five cultivars, the levels of SA were relatively low
upon infestation by broad mites. For ‘Michelle Marie’ and its sport ‘Franziska R.’, both mite
numbers and SA levels were high, suggesting that these cultivars are susceptible to broad
mites. Similar results are also found for ‘Thesla’ and its sport ‘Amélie’ in mite numbers
and SA levels. Both cultivars showed infestation later in the growing season. ‘Mevrouw
Gerard Kint’ (red) and (picotee) and ‘Renato’ share a common genetic background and
show a relatively low increase in SA levels; nevertheless, higher numbers of mites can
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occur. Only on ‘Sachsenstern’ were the level of SA and mite number low, in contrast to
the results obtained for its sport ’Fluostern’. ‘Sachsenstern’ probably avoided infestation.
Additionally, ‘Nordlicht’ had lower mite numbers and a lower SA level compared to
experiment 2. Additionally, in other crops, a differential response towards broad mite was
found, e.g., in citrus, sour orange supported larger densities than Cleopatra mandarin
but the levels of injury were similar [39], and in 36 genotypes of common bean (Phaseolus
vulgaris), differences in P. latus infestation were found [61].

The present study showed that not all types of tarsonemid mites cause damage in
pot azalea. In culture conditions, the herbivorous and damage-causing mite P. latus is
most prevalent. Nevertheless, not all pot azalea cultivars are equally attractive to this mite.
‘Elien’, the most resistant cultivar towards P. latus mites, possibly exhibits an antixenotic
effect based on the presence of glandular trichomes with a sticky end [17]. For the other
cultivars, i.e., ‘Huelsten’, ‘Inka’ and ‘Sachstenstern’, the nature of their resistance to P. latus
is less clear. Another frequently occurring mite, T. confusus, was present on all the azalea
cultivars without causing any symptoms. Until now, it was not fully understood whether
this mite species is herbivorous. This study could only relate the presence of P. latus to
plant damage. P. pallidus could be harmful, but so far, this has not been observed and the
number of mites found in our experiments was probably too low.

5. Conclusions

In conclusion, it is clear that the presence of broad mite on pot azalea increases both JA
and SA levels. A primary plant response is through the JA pathway, but later, this changes to
an increase in the levels of SA. Further efforts, e.g., experiments under controlled conditions,
are needed to better understand whether the increase in SA is a result of crosstalk between
JA and SA and whether it can help to elucidate the timing and factors influencing the JA
and SA responses.

Another conclusion has importance for azalea cultivation. In 18 cultivars, a large
variation in susceptibility to broad mite was found, with ‘Otto’ being the most susceptible
and ‘Elien’ the most resistant cultivar. This variation in susceptibility to broad mite opens
up perspectives for using more resistant genotypes in cultivation and suggests that more
genotypes with improved resistance can be developed though breeding.
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Abstract: This comprehensive review scrutinizes tissue culture and micropropagation methodologies
in geophytes, focusing on bulbous plants. The examination encompasses key stages, including so-
matic embryogenesis, bulb growth, dormancy breaking, and planting. Studies underscore the pivotal
role of plant growth regulators (PGRs) in plant regeneration and bulb growth. Bioreactor systems
for healthy plant regeneration, rooting methods, acclimatization strategies, and considerations for
ex vitro survival are elucidated. The review also delves into somaclonal variation dynamics and
acknowledges the burgeoning field of gene editing, particularly Clustered Regularly Interspaced
Short Palindromic Repeats (CRISPR) studies, as a promising avenue for enhancing valuable com-
pound content in geophytes. In addition to addressing challenges in flower bulb micropropagation,
this review briefly highlights emerging opportunities, including the potential integration of artificial
intelligence (AI) to optimize culture conditions, predict growth parameters, and enhance efficiency in
bulb production. The conclusion emphasizes the necessity of a multifaceted approach integrating
biochemistry, physiology, and molecular biology to address existing challenges and improve tissue
culture protocols for diverse geophyte species. This review article also intends to highlight how
tissue culture techniques could contribute to the development and valorization of flower bulbs in
today’s scenario of the ornamental industry.

Keywords: flower bulbs; organogenesis; somaclonal variations; somatic embryogenesis

1. Ornamental Geophyte History

For centuries, flower bulbs have captivated societies worldwide, drawing attention
for their enticing fragrance, vibrant colors, and diverse blooming periods. These bulbs
have held a significant place in various forms of art [1–3]. Greek philosophy dating back
to 300 BC mentions the medicinal and consumable properties of flower bulbs like Crocus,
Colchicum, and Gladiolus. Greek mythology also references bulbs such as Lilium, Hyacinthus,
Crocus, Iris, and Narcissus [4,5]. Furthermore, Warren [6] reported that Anemone coronaria,
Ranunculus asiaticus, and Lilies were shown in Knossos Palace in Crete, Greece, during the
Bronze Age. Day [7] emphasized that the Crocus has been recognized in Minoan art as
an important motif during the Aegean Bronze Age. Japan and China are known to have
numerous wild Lilium species that are endemic to their regions. The United Kingdom is the
origin of Narcissus pseudonarcissus, commonly known as the lenty lily, which serves as the
ancestor for many cultivated daffodil varieties. The Persian-style gardens of the Taj Mahal,
an iconic 17th-century monument, feature essential flower bulbs like Anemone, Ranunculus,
Fritillaria, Iris, Lilium, Pancratium, and Gloriosa [8]. Flower bulbs such as Aztec lily, canna,
dahlias, and tuberose are reported to have originated in the Americas [9]. In the 1180s,
flower bulbs, particularly those with iris motifs, adorned the military uniforms of Italians
from Florence-Tuscany and the French [10].

The worldwide spread of tulips has sparked numerous hypotheses. Originally found
in the western regions of China, the Caucasus, Turkey, Iran, and Central Asia, tulips first
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appeared in Anatolia in 12th-century Konya motifs. The breeding of tulips began during
the Ottoman Empire in the 16th century [11]. Tulip mania reached its peak between 1673
and 1736 during the Ottoman era, earning that period its name. The arrival of tulips
in Europe has triggered several hypotheses. One suggests that Busbeck, an ambassador
representing the Austro-Hungarian Empire in 1554, brought tulip bulbs from Istanbul to
his friend Carolus Clusius in Austria. Another possibility involves a French physician
named Belon, who traveled to the Near East in 1549 and visited Istanbul. Belon recorded in
his memoirs that numerous foreigners journeyed to Istanbul by ship to acquire tulip bulbs,
which he referred to as the “red lily”. These accounts shed light on the early introduction
of tulips to Europe and the growing fascination with these captivating flowers. In the 17th
century, tulip mania took hold in the Netherlands. The tulip, originally imported from
Ottoman lands in the 16th century, became a highly sought-after commodity in the 18th
century, primarily sourced from the Netherlands [11–14].

As mentioned by Rees [15], the habitats of the ancestors of some flower bulbs were
reported by Bailey [16], namely Tulipa: in the Mediterranean and across Asia to Japan;
Hyacinthus: in Greece, Syria, and Asia Minor; N. pseudonarcissus L.: from Sweden to Spain
and Romania; Narcissus tazetta L.: from the Canary Islands to Japan; Narcissus poeticus L.:
from France to Greece; Iris tingitana Boiss. & Reut.: in Morocco; Iris reticulata Bieb.: in
the Caucasus; Iris xiphium L.: in Spain and North Africa; Freesia: in South Africa; Lilium
longiflorum Thunb.: in Japan; and Lilium regale Wils.: in West China.

Over time, flower bulbs have been recognized for their unique characteristics and
have been cultivated with consideration for their potential uses and economic and social
values. They have transitioned from being sold as individual bulbs to being traded in bulk
quantities and have found commercial applications as cut flowers and potted plants. By
the conclusion of the twentieth century, the Netherlands had emerged as the leading global
player in the flower bulb trade, asserting its dominance in this industry [10].

2. World Ornamental Plants Sector: Situation of Flower Bulbs in the Sector

The global production of ornamental plants has witnessed a widespread increase,
playing a crucial role in boosting the economies of more than 50 countries. According to
Gabellini and Scaramuzzi [17], the total worldwide cut flower and potted plant production
is about 35.5 billion, with a cultivation area of 745,000 ha. Asia–Pacific is the largest region,
covering about 79% of the total surface area dedicated to ornamentals. The European
Union occupies about 10% of the world flower production surface [18], but thanks to
its high productivity per hectare, the ornamental industry represents about 40% of the
worldwide production (value of more than 11 billion EUR). The biggest producers are the
Netherlands (32%), France (12%), Germany (12%), Spain (12%), and Italy (11%). Outside the
EU, Mexico, Colombia, and Ecuador are important producer countries in Central America.
Thanks to favorable climatic conditions, foreign investments, and relatively cheap labor,
Latin American countries have become an important export region for both the American
and European markets. In South America, Brazilian floriculture has developed in the
past five years with a cultivated surface of about 15,600 ha and a production value of
1.7 billion EUR; the internal market absorbs most of this production [19]. Countries such
as Kenya, Tanzania, Ethiopia, Uganda, and Zambia in Africa, especially in the equatorial
belt, have boosted the production and export of cut flowers. Advantages such as the
economy being based on agriculture, suitable climatic conditions, and cheap labor in
African countries have led to the development of ornamental plant production. Production
areas are generally managed by professional companies and consist of large-scale nurseries
owned by foreign investors. The global trade volume of ornamental plants is expected to
surpass 60 billion USD (about 54.6 billion EUR) in 2027 at a CAGR of 8.8% (source: Flower
and Ornamental Plant Global Market Report; https://www.thebusinessresearchcompany.
com/report/flower-and-ornamental-plant-global-market-report, accessed on 25 February
2024), with a particular emphasis on markets with strong purchasing power, including the
European Union, USA, and Japan. The Netherlands confirms its central and dominant role
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in the international trade of flowers and ornamental plants thanks to the combination of
national production and re-exported products. Other important exporting countries in the
world are Colombia, Kenya, Ecuador, and Israel. The EU is a net exporter of pot plants,
conifers, and hardy perennial plants, bulbs, and corms, and a net importer of cut flowers
and cut foliage. The most important European importing countries for flowers and potted
plants are Germany, France, and the UK.

As the global economic situation improves and people want to spend more, the
demand for high-quality products increases. This trend also applies to the global market for
flowers and ornamental plants. Consequently, there is a growing demand for high-quality
bouquets from different flower collections. Thanks to the huge diversity of the genera,
flower bulbs can satisfy the need for new products; in addition, increasing research progress
enables the establishment of a productive chain, enhancing the local flower industry. This
can be of particular interest for countries that are aiming to diversify their production from
the major popular floriculture products. An interesting example is provided by Turkey,
which is very rich in natural resources of ornamental geophytes and quite recently started to
develop a commercial production for flower bulbs with 51 ha dedicated (Turkish Statistical
Institute, 2023).

Ornamental geophytes, also called flower bulbs, contribute significantly to the global
ornamental industry and are used for commercial bulbs, cut flowers or potted flowering
plant production, landscaping, and private gardening. In 2010, Benschop et al. [1] estimated
the global value of the flower bulb industry at more than 1 billion USD, with perspectives
of expansion all over the world. In 2022, the product category “Bulbs and Roots”, including
dormant and in growth bulbs, tubers, roots, corms, crowns, and rhizomes, registered a
global value of export of over 2 billion USD (about 1.82 billion EUR), with a slight decrease
with respect to the year 2021 counterbalanced by a 4% increase in the period 2018–20
(source: Trade statistics for international business development; https://www.trademap.
org/, accessed on 17 October 2023). In 2022, the EU exported a total of over 100 million
EUR worth of orchid, hyacinth, narcissi, and tulip bulbs in growth or in flower; the imports
were 30.9 million EUR. Of all EU countries, the Netherlands was responsible for 81% of
all exports of these bulbs, and other exporter countries were Lithuania (7%), Poland (5%),
Denmark (2%) and Latvia (2%). The majority of these exported bulbs are addressed to the
European area (Switzerland, UK, Norway, Russia, and Ukraine; Eurostat database, 2023;
https://ec.europa.eu/eurostat/web/products-eurostat-news/-/edn-20230406-1, accessed
on 17 October 2023). Due to the versatility of the marketable ornamental geophytes and
the evolving consumption trend, in recent years the ratio for bulb forcing and landscaping
uses has varied in the different countries [1]; moreover, as with any other product of
the floriculture industry, the ornamental geophytes have also had to adapt their quality
to the “big-box” selling system, requiring new products, standard quality, availability
of product quantity, consistency in price, and regular supply. Flower bulbs can address
these challenges thanks to their great diversity in morphology, growth, and physiological
responses to environmental factors, which allow for scheduled production. Moreover,
the globalization of the horticulture trade has led to new production centers located in
Latin America, Africa, and Asia, expanding the production of high-quality flower bulbs
once limited in countries with temperate climates. Another important aspect that can
enhance the value of flower bulbs in the global economic situation is the increasing use
of these plants in landscaping or gardens to satisfy the new customer-driven approach in
the ornamental industry [10]. On this basis, the current megatrend of ”neo-ecology” has
also increased interest in natural products. Consequently, drugs from medicinal plants are
more frequently included in clinical treatments, and many herbal extracts are authorized
to be used in therapy [20]. Flower bulbs are well recognized for their utility as food or
medicinal and aromatic plants [18,21–24]. The World Health Organization (WHO), aware
of the fact that a poor scientific literature is addressed to evaluate medicinal herbs and
that in most countries the market for herbal medicines is poorly regulated, published
monographs where scientific information on the safety, efficacy, and quality control of
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widely used medicinal plants is provided [25–29]. Ornamental geophytes are considered in
these monographs, and it can be envisaged that the number of flower bulbs used for the
extraction of natural products will increase due to the worldwide floristic diversity of these
plants and the various underground organs that can be used for the extraction of bioactive
compounds, such as alkaloids. For example, it is reported that an increase in research
activity is foreseen for Narcissus due to the increasing demand for galanthamine-based
oral medicines and other alkaloids (the so-called Amaryllidaceae alkaloids) that promise to
be of value to medicine [30].

Although ornamental geophytes consist of more than 800 different genera, the industry
is still dominated by a few genera. Besides the genera that comprise most of the worldwide
bulb production (Tulipa, Lilium, Narcissus, Gladiolus, Hyacinthus, Crocus, and Iris), there are
other ornamental geophytes of economic importance in the cut flower industry (e.g., Freesia,
Altroemeria, Hippeatrum, and Zantedeschia). Anemone and Ranunculus are two important
genera for cut flower production under Mediterranean conditions.

In the following paragraphs, we want to review the most salient and recent findings for
the micropropagation of flower bulb crops by providing examples of successful application
of tissue culture techniques and outlining concluding remarks on the state of the art of
flower bulb in vitro culture and future perspectives.

3. Methodology

The literature review on geophytes micropropagation followed the https://guides.
library.uq.edu.au/research-techniques/literature-reviews#s-lg-box-16401198 (accessed on
4 February 2024) and Pautasso [31] rules guidelines to ensure a transparent and rigorous
methodology. The review process began with a clearly defined research question focusing
on tissue culture and micropropagation methodologies in ornamental geophytes, with a
specific emphasis on bulbous plants. A comprehensive literature search was conducted
across relevant databases, including Web of Science, Google Scholar, PubMed, ScienceDirect,
and Scopus, using predetermined search terms.

The inclusion and exclusion criteria were established to filter studies based on their
relevance and quality. Initial screening involved reviewing titles and abstracts, followed
by a full-text assessment of potentially eligible articles. Data extraction included key infor-
mation on somatic embryogenesis, bulb growth, dormancy breaking, planting, and other
relevant aspects (Table 1). The quality of the included studies was assessed, and potential
bias was considered during the analysis. The relevant literature was saved in the paper
management system, Endnote Library. The flow diagram presented in Table 2 illustrates
the study selection process, and the resulting evidence was synthesized and presented in
accordance with Pautasso [31] guidelines. The gray literature not available in traditional
channels and not represented in indexing sources addressed to commercial applications
was not considered in this review article. The paper concluded with a discussion on the
challenges and opportunities in geophyte micropropagation, emphasizing the necessity of
a multidisciplinary approach integrating biochemistry, physiology, and molecular biology
to advance tissue culture protocols for diverse geophyte species.

Table 1. The determined flow before starting to write the literature review.

Inputs Outputs

Research Question Micropropagation methodologies, challenges, and opportunities
in geophytes, flower bulbs

Databases Web of Science, Google Scholar, PubMed, ScienceDirect, Scopus

Sectioning

The basic flow (history, economy, flower bulb propagation and
challenges, micropropagation, flower bulb micropropagation,
stages, challenges, opportunities, conclusion) was determined for
the literature review, and titles were added
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Table 1. Cont.

Inputs Outputs

Searching For each section, keywords were determined

Screening literature First, titles and abstracts; selecting the quality and relevance
Second, full text assessment

Paper Management Endnote

Table 2. The keywords used for relevant and quality literature search.

Sections Keywords

History Geophytes history
Flower bulbs history

World Ornamental Plants Sector–Flower
Bulbs situation in the sector

Flower bulbs production rate
Flower bulbs marketing
Flower bulbs sector
Ornamental plants sector
Ornamental industry
Flower market
Ornamental plants sector reports

Flower bulb propagation and challenges

Geophytes propagation
Flower bulbs propagation
Flower bulbs traditional propagation
Storage organs
Flower bulbs seed propagation
Flower bulbs vegetative propagation
Flower bulbs micropropagation

Micropropagation

Micropropagation
Somatic embryogenesis
Organogenesis
Plant regeneration
Factors affecting plant regeneration
Explant choice for plant regeneration
Culture medium for plant regeneration
Environmental conditions for plant regeneration

Micropropagation of Flower Bulbs

Geophytes micropropagation
Flower bulbs micropropagation
Flower bulbs tissue culture
Flower bulbs in vitro culture
Flower bulbs micropropagation stages
Flower bulbs plant material preparation
Flower bulbs mother stock material
Flower bulbs surface sterilization
Flower bulbs disinfection
Flower bulbs multiplication
Flower bulbs dormancy breaking
Flower bulbs acclimatization
Flower bulbs planting
Tissue culture and artificial intelligence

Somaclonal variation Flower bulbs somaclonal variation
Geophytes somaclonal variation

Conclusion
Flower bulbs genome editing
Flower bulbs CRISPR
Flower bulbs
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4. Flower Bulbs: Traditional Propagation and Challenges

Flower bulbs are geophytes with storage organs that are of several kinds, morphologi-
cally and physiologically (Figure 1). These storage organs can allow the plant to survive
unfavorable periods (whether too dry, too hot, or too cold) [15,32,33]. Thanks to the nutrient
reserves within these modified structures, plant viability and further plant development
are ensured despite the severe external conditions [34,35]. Prior to the onset of favorable
environmental conditions, the differentiation of new buds occurs, allowing for shoot devel-
opment through the ongoing physiological processes in the underground organs. [18,33,36].
Bulbs go through distinct developmental phases: juvenile vegetative, adult vegetative, and
reproductive. The transition to the adult vegetative phase is necessary for flower initiation,
which occurs after several years in the juvenile phase for certain species like Tulipa and
Narcissus. The shift to the reproductive phase is triggered by high temperatures, leading
to flower bud formation. Dormancy follows, requiring a prolonged period of cold for
dormancy release and preparation for spring growth. This life cycle is common among
bulbous plants, including Tulipa, Crocus, and Hyacinthus [15,33,37].

Figure 1. Types of storage organs in ornamental geophytes [32,33].

Geophytes can be propagated through generative (seed production) and vegetative
methods [18]. The commercial production of flower bulbs through seed propagation is
not widely preferred due to several reasons [36,38]. Firstly, seed production could result
in offspring that are not identical to the parent plant, leading to increased diversity. This
lack of uniformity makes this kind of propagation unsuitable for commercial production,
except for specific seed-raised crops. Furthermore, the seed of some bulb plants has limited
viability, and precise requirements for germination could be necessary to produce seedlings.
Another difficulty in applying seed multiplication is the extended juvenile phase, lasting
up to 5–7 years before flowering, which could be faced by certain species [38]. Nevertheless,
seed production is highly valuable in breeding programs, allowing for the development of
new cultivars. Seed propagation is particularly advantageous if a high number of seeds
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can be obtained, the juvenile phase is relatively short, and variability is not a concern
compared to vegetative propagation [32]. Another advantage of seed propagation is that
in almost all cases, plants produced are free of virus infection; vice versa, through vegeta-
tive propagation methods, there is the risk of spreading pathogenic microorganisms and
compromising production. Examples of geophytes that can be commercially propagated
through seed production include Anemone, Allium, Begonia, Cyclamen, Freesia, Fritillaria, and
Ranunculus [18,33,36,38,39].

New techniques and strategies have been developed to improve the seed set, increase
seed germination, and shorten the time required to flower [40]. Interesting findings were
presented by Anderson [41] for reducing the generation time in Lilium and Gladiolus (less
than 1 year from seeding to flowering). His laboratory developed a selection strategy
to reach rapid generation cycling (RGC) in geophytes. A “toothpicking” technique by
selecting germinated seedlings having different colors based on the week of germination
was proposed to select early flowering hybrids of Gladiolus. In addition, comprehensive
selection work was undertaken for all the phases of the life cycle of geophytes to correlate
the features with the early flowering. The author’s conclusions were that the geophytes
breeding program can be shortened by selecting genotypes with good seed germination
and seedlings with rapid leaf growth or with enhanced leaf unfolding rates, followed by
further observations on the geophytic structures and contractile root generation, as well as
the dormancy status and the subsequent stalk elongation and flowering.

In nature, the vegetative propagation of flower bulbs occurs through natural division.
Natural division can be with daughter bulbs (tulip, crocus), offsets (hyacinths, muscari),
bulblets (lily), bulbils (lily), cormels, rhizomes, branched rhizomes, and stolons (allium,
oxalis) [32,38,42]. The multiplication rates of the natural division are quite low [15,18,32]. For
this reason, it has been envisaged that flower bulbs need alternative propagation methods.
Traditional propagation methods include scaling, twin scaling, chipping, scooping, and
scoring, as well as stem and leaf cuttings [42]. Scaling is the method where individual
scales are removed from the bulb to produce bulblets. Twin scaling, a variation of scaling,
involves attaching two scales to a piece of the basal plate. Chipping, a mechanical technique
similar to twin scaling, is employed to separate scales. Scooping involves removing the
basal plate from the scales, while scoring entails cutting the basal plate. Additionally, stem
and leaf cuttings can be used as propagation methods for certain bulbous plants. These
techniques have been widely practiced by horticulturists and gardeners to propagate and
expand their bulb collections, ensuring the continued availability and diversity of these
plants [18,38,39]. It can also be considered a bulbous structure and propagation method.
Tunicate bulbs can be multiplied using techniques such as offsets, scoring, scooping,
coring, sectioning, and cottage. Non-tunicate bulbs, on the other hand, can be propagated
through scaling after they have bloomed. Corms can be multiplied using cormels, which
are small corms that develop between the old and new corms. It typically takes one to
two years of growth for cormels to reach the size at which they can produce flowers.
Tubers can be propagated by either planting the entire tuber or dividing it into sections,
ensuring each section has at least one bud (eye). Rhizomes are divided into sections, each
containing at least one shoot bud or active shoot. Some rhizomes have roots attached
to their bottoms and can be individually planted in containers. Rhizomes can also be
planted in nursery beds and used as a source of bare-root stock for planting or for cultural
purposes such as basketry. Crown division is another method of propagation that differs
slightly from dividing rhizomes [32,43]. However, these methods also present notable
limitations. Firstly, generating a substantial number of plants within a practical time frame
can be challenging. Secondly, the propagation process carries a significant risk of disease
transmission. Tissue culture techniques offer effective solutions to conventional challenges
in flower bulb propagation, and this is explained in Section 5.
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5. Micropropagation

Micropropagation is a widely recognized method of vegetative propagation that
allows for the production of numerous offspring plants. Podwyszyńska et al. [44] reported
that the global annual production of ornamental plants through in vitro cultures has surged
from 800 million to 2 billion in the last decade. According to a recent research report, the
micropropagation market size is expected to rise by 2030, reaching a value of 2.8 billion
USD (about 2.5 billion EUR; report “Micropropagation Market-Global Outlook and Forecast
2022–2027”-https://www.reportlinker.com/p06313600/?utm_source=GNW, accessed on
25 February 2024). Europe is one of the most prominent geographical segments in the
global micropropagation market, with 140 commercial in vitro laboratories for which the
production of ornamental plants is pivotal [44].

The micropropagation process involves multiplying plants under sterile conditions
on a nutrient culture medium with a known composition and optimal artificial culture
conditions [45]. Micropropagation represents an intricate plant multiplication technique
involving substantial capital investment, significant operational costs, and a need for
specialized expertise [46–48]. However, tissue culture methods offer various benefits,
particularly in micropropagation, which is employed to multiply diverse plants, including
genetically modified or conventionally bred ones. It proves useful for producing plantlets
from seedless or challenging-to-reproduce plants economically and quickly, significantly
reducing the time needed for abundant plantlet production [36].

5.1. In Vitro Regeneration Pathways

In vitro plant regeneration is a process where explants, through cell division and
differentiation, give rise to the formation of organs and tissues [49]. This comprehensive
process involves the regeneration of an entire plant from various sources, including adult
tissues, organs, unorganized calli, or even a single cell [50,51].

Somatic embryogenesis is a remarkable process in which plant somatic cells undergo
dedifferentiation, acquire embryonic cell characteristics, and subsequently, through embry-
onic development, form complete plants [52–54]. This process highlights the totipotency
of plant cells, demonstrated by the formation of embryogenic calli [51,55]. It involves the
development of structures resembling zygotic embryos from cells that are not associated
with zygotes or the original tissue, closely mirroring the characteristic stages observed dur-
ing zygotic embryogenesis [54]. Somatic embryos can differentiate through two pathways:
direct somatic embryogenesis, where they differentiate directly from explants without
the formation of a callus, and indirect somatic embryogenesis, where differentiation oc-
curs after passing through a callus stage [56]. Somatic embryogenesis is favored for mass
propagation due to its higher proliferation rate, ease of liquid culture medium utilization,
efficient handling of numerous embryos, and greater adaptability for bioreactors [36,49].

Freshly formed structures like shoots, roots, or embryos can emerge on plant tissues
without preexisting meristems. These recently developed organs are termed adventive or
adventitious, and this initiation of a novel structure and organization is termed organogen-
esis [57,58]. Organogenesis involves the perception of phytohormones, differentiation of
specialized cells to gain organogenic competence, cell division regulation, cell expansion,
and the overall patterning of the organ [59–61]. The presence or absence of the callus stage
results in two distinct developmental stages. The developmental stage that includes the
callus phase is called indirect organogenesis. In indirect organogenesis, the likelihood of
observing somaclonal variation is higher. The developmental stage that occurs without
the callus phase is termed direct organogenesis [62,63]. The first step in the propagation of
plant material using the organogenesis technique is the selection of the explant source from
the donor plant. Usually, embryos, seedling parts, apical meristems (root or shoot tips),
primordial organs, protoplasts, and young flower buds are used [58,61].

Many factors can affect the efficiency of the regeneration pathway, such as explant
type, genotype, concentration, and type of PGRs, regeneration medium, other chemicals
that indirectly affect plant growth, stress conditions, subculture, electrical excitation, or
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gene expression modification [51–53,64,65]. The shoot regeneration capacity depends on
the establishment of a complex process involving the endogenous cytokinin metabolism
of tissues and how the explants react to the exogenously supplied plant regulators in the
culture medium [60]. Consequently, many factors should be considered when an explant
is chosen to initiate an in vitro culture. Beside the medium composition and the culture
conditions, the physiological and ontogenic age of the tissues, the season in which the
explant is taken, the size and location of the explant, and the quality of the donor plant are
key factors, which affect the explant viability and the degree of contamination in in vitro
culture [51]. In addition, explant age and origin, as well as the period of the year in which
the in vitro culture is initiated, affect the phenolic content of the tissues, which, in turn,
can cause browning and subsequent death of tissues [66]. Figure 2 shows the aforesaid
regeneration pathways.

Figure 2. In vitro regeneration pathways.

5.2. Micropropagation of Flower Bulbs

Micropropagation of ornamental plants has been studied since the 1950s [67,68]. The
impact of this technology on flower bulbs is also testified to by the literature cited in this
review. Micropropagation involves axillary bud development through organogenesis,
adventitious shoot formation, and somatic embryogenesis [69].

Plant biotechnology significantly contributes to the production of ornamental geo-
phytes through various approaches. These methods focus on propagating specific geno-
types, acquiring virus-free plant material, and supporting breeding and crop improvement
programs [18,36,69,70]. Techniques such as callus culture, embryo rescue, in vitro pollina-
tion, somatic hybridization, induction of somaclonal variation, protoplast culture, synthetic
seed production, in vitro ploidy manipulation, genetic transformation, gene mapping, and
DNA fingerprinting play essential roles [22,69,71]. In vitro pollination and fertilization,
embryo, ovary, ovule, anther, and pollen culture have been reported for some geophytes
such as Lilium, Cyclamen, Anemone, Ranunculus, and Amaryllis [72–80]. Further scientific
inquiry is warranted to evaluate the feasibility and potential applicability of protoplast
culture and somatic cell hybridization techniques in the context of geophytes such as Crocus
cancellatus as studied by Karamian and Ebrahimzadeh [81]. Recently, Koetle et al. [82]
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reported about the procedures using Agrobacterium strains to transform into geophytes such
as Crocus, Allium, Agapanthus, Lilium, Tulip, Gladioulus, Hyacinthus, and Narcissus [83–92].

Micropropagation systems were developed for major bulbous plants, but commercial
propagation was achieved only for a few bulbous plants, such as Lily and Zantadeschia [36].
For other ornamental geophytes, more efforts are necessary to reach commercial appli-
cations. Nevertheless, it is well recognized that the availability of proper tissue culture
protocols would enable the production of high-quality stock plant material that is virus-free
and the advancement of breeding programs or the propagation of selected genotypes.

5.3. The Key Factors Affecting Micropropagation of Flower Bulbs

Establishing a successful micropropagation protocol is a complex task, influenced by
various interacting factors, including plant materials, culture conditions, and culture media
ingredients. Despite the development of micropropagation protocols for many flower
bulb crops, challenges hinder commercial viability. Key limitations include the high cost
of tissue-culture plantlets, inefficiencies in the initiation phase, low propagation rates for
numerous genotypes, challenges during the acclimatization of ex vitro plantlets, and the
occurrence of off-types.

5.3.1. Explant Choice

Thanks to its totipotent character, the potential for entire plant regeneration exists
within every living plant cell. However, cells or tissues displaying active growth and
robust physiological metabolism are commonly utilized as explants for the regeneration
process in many studies [51]. A variety of tissue sources, including shoot tips (apical
and axillary buds), bulb scales, leaves, stems, and different parts of the inflorescence, are
utilized as explants in the initial stages of in vitro culture [38,93]. Below, in Section 5.4.2,
some examples of the establishment of an in vitro culture for flower bulbs are provided.

As previously explained (Section 5.1), the selection and preparation of suitable explants
play a crucial role in successful in vitro culture. Factors such as the regeneration capacity,
physiological state, and hormonal balance of the donor plant, the origin, age, and size
of the explants, their polarity, and pre-treatment methods are key considerations for the
successful initiation of ornamental bulbous plants [94]. The induction of in vitro bulblets
is primarily influenced by the temperatures and storage durations of the mother plant.
Yasemin et al. [95] emphasized the significance of explant types regarding factors such as
callus color, callus hardness, callus fragility, callus formation rate, embryogenic callus rate,
and callus growth rate of Pancratium maritimum.

5.3.2. Culture Medium

The composition of the culture medium is a critical factor influencing the growth
and morphogenesis of plant tissues in culture. The Murashige and Skoog (1962; MS) [96]
formulation is widely used, initially designed to support the optimal growth of tobacco
calli through extensive dose–response curve studies for essential minerals. Furthermore,
N6 [97], Woody Plant Medium (WPM) [98], and B5 [99] are used as culture media in tissue
culture [51]. Plant tissue and cell culture media are generally made up of some or all of the
following components: macronutrients, micronutrients, sugar(s), vitamins, amino acids or
other nitrogen supplements, other undefined supplements, solidifying agents or support
systems, and growth regulators [100]. Undefined elements can be coconut milk, meat,
malt, yeast extracts, potato extracts, juices, pulps, fruit extracts, plant/plant pars/seedling
extracts. Osmotic balance, pH, and buffers of the culture medium also affect the target in
the tissue culture [101]. Elicitors, such as chitosan, aminolevulinic acid (ALA), alginate
(ALG), N-acetylglucosamine (NAG), salicylic acid (SA), hyaluronic acid (HA), silver nitrate
(AgNO3), jasmonic acid (JA), methyl jasmonate (MeJA), phloroglucinol (PG), and pectin,
are extensively employed to induce secondary metabolites in plant tissue culture [71].
Methyl-Jasmonate (MeJA) and various polyamines also prove advantageous in tulip tissue
culture by promoting efficient bulb formation during micropropagation [102]. Moreover,
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the medium’s physico-chemical properties can alter the nutrient status of microshoots. The
selection of the gelling agent is a crucial factor in the process of in vitro plant regeneration.
The medium should be sufficiently firm to support explants, avoiding excessive rigidity
that may hinder proper contact. The phenomenon of hyperhydricity, linked to agar, is also
a recognized concern [103]. The experiments carried out over a ten-year period, highlighted
that a relationship can be found between gel properties and the biological performance
of in vitro Ranunculus shoots, and we correlate it with the different water and nutrient
availability created in the different gelled media [104]. Moreover, our studies identified the
concentration and diffusion through the gel of major phenolic impurities that can be found
in the agar powder used to jellify the media. These findings proved that agar impurities can
greatly affect the growth and multiplication of microshoots (Figure 3). Therefore, attention
should be paid to choosing the agar brand and concentration and, even more importantly,
creating a standardized method for the preparation of the gelled media.

Figure 3. Biological performance of Ranunculus shoots cultured in vitro on basal MS medium gelled
with different agar brands. (A) agar Oxoid (OX; cd L13(3)), 8 g/L; (B) agar Roth (RT; cd 4508),
8 g/L; (C) agar OX (8 g/L) supplemented with the impurities collected from dialysis of 8 g of RT agar
powder; (D) washed agar RT, 18 g/L. It is possible to see that the gelling agent is responsible for quite
different performance, with the growth on OX gels being satisfactory (A), while poor development
and hyperhydricity were observed when RT gels were used (B). Removing the impurities from
RT agar and increasing the agar concentration to reach a good gel firmness also allowed for good
growth on RT gels (D). Vice versa, adding the RT impurities to OX gels decreased the quality of the
microshoots (C).

The use of solidified media in micropropagation offers advantages, including easy
visibility and recovery of small explants, maintained explant orientation, improved aeration
without special measures, and orderly growth of shoots and roots. In contrast, liquid media
can cause disoriented growth and difficulties in shoot separation. However, there are
drawbacks to semi-solid media, such as the presence of the above-said inhibitory substances
in agars, slow growth rates, and limited diffusion of toxic exudates. Poor oxygen diffusion
to developing roots is a concern, even in aerated liquid media. Adherence of gel to roots
can pose issues during plantlet transfer to soil, and cleaning containers for re-use becomes
time-consuming with semi-solid media [105]. Different plants have varying nutritional
requirements, affecting optimal growth and morphogenesis. Tissues from different plant
parts may have unique needs for satisfactory growth [51].

5.3.3. Environmental Conditions

Temperature and light have key roles in micropropagation. Under in vitro condi-
tions, younger tissues typically import sucrose and have limited photosynthesis. How-
ever, light (color and intensity) influences plant growth, metabolism, and organogene-
sis and has proved to be crucial for the in vitro regeneration of the storage organs of
geophytes [38,70,71]. White, fluorescent light (350~750 nm) is conventionally used in
in vitro culture but has drawbacks like high electricity consumption and uneven radi-
ation. Monochromatic LEDs with specific wavelengths are now widely used for more
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energy-efficient and controlled in vitro plant propagation [71,106]. Phytochrome governs
the plant’s light response, influencing organogenesis induction and direction. Blue light
and its receptor, cryptochrome, play a role in storage organ formation [107]. Examin-
ing light quality effects during adventitious organogenesis in bulbous plants, researchers
utilized monochromatic fluorescent lamps. The results revealed that in in vitro cultures
of Hyacinthus orientalis, blue light stimulates adventitious shoot development, while red
light encourages the formation of adventitious bulbs [108]. Studies have explored the
impact of light on plant growth and development parameters in various lily species and
cultivars during in vitro organogenesis. [109–111]. According to Bach and Sochacki [38],
the choice of light may interact with tissue cytokinin metabolism, potentially influencing
in vitro tissue dormancy and subsequent development. While light is crucial for typical
green shoot and plantlet growth, unorganized cell and tissue cultures can thrive without it.
Surprisingly, darkness may enhance growth and morphogenesis, with brief dark periods
observed to promote shoot morphogenesis in certain cases [105]. Embryo explants from
P. maritimum were cultivated under both photoperiod and dark conditions. The results,
based on unpublished data from Yasemin S., indicate that the dark condition was more
successful in generating calli, and Figure 4 illustrates the outcomes after one month
of incubation.

Figure 4. Embryo cultures of P. maritimum under 16/8 h photoperiod (A) and dark (B) conditions
after one month of incubation.

Temperature influences both growth rates and the transition between vegetative and
reproductive phases in plant development. In flower bulbs undergoing in vitro culture,
temperature is a vital factor influencing regeneration, bulbing, and dormancy. For temper-
ate ornamental geophytes, lower temperatures mimic winter, prompting dormancy. Under
in vitro conditions, reduced temperatures induce storage organs to withstand unfavorable
growth conditions [67]. Temperature is another key factor that is able to influence the
regeneration, bulbing, and dormancy of flower bulbs during in vitro culture [112]. In vitro-
regenerated bulblets necessitate dormancy breaking to facilitate ongoing development. A
cold treatment was proven to be effective for bulblet initiation and for breaking dormancy
in the regenerated bulblets [38].

5.4. Stages of the Micropropagation of the Flower Bulbs

Many scientific papers have been published on flower bulbs, highlighting the dis-
crepancy between the potentiality of the micropropagation technique and its practical
application. Next, we would like to analyze the most important findings related to the
major steps in micropropagation of flower bulb crops, which are: preparation of mother
plants, initiation, multiplication, bulbing/bulb growth, dormancy breaking, and planting.
Dormancy breaking is a different step from the other herbaceous and woody plants [18,36].

5.4.1. Stage 0: Preparation of Mother Stock Plant Material

Happy plants make happy plantlets. Stage 0 in ornamental geophyte propagation
represents the initial and crucial phase dedicated to ensuring the selection and cultivation
of healthy plants [47]. This pivotal stage aims to pre-process the chosen specimens to
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prevent contamination, ultimately fostering the development of thriving plantlets [42]. Key
pre-treatments, such as regulating humidity, irrigation methods, temperature, and light
exposure, are implemented to curtail the potential source of contamination and maintain
the genetic integrity of the desired traits. Additionally, the duration of storage impacts
the formation of bulb-like structures in geophytes, further emphasizing the significance of
meticulous handling during this phase [18,46,70,113–116].

To initiate the in vitro culture of tulip, Podwyszyńska and Sochacki [117] selected
healthy, true-to-type, and virus-free plants during their flowering phase in spring. After
having carried out ELISA tests to verify the virus-free status of their plants, they harvested
the bulbs in June and stored them at 17–20 ◦C until October, followed by dry cooling at
5 ◦C. The selected healthy bulbs (the recommended bulb size is 10 cm in diameter) were
then planted in pots with a fungicide (Captan)-soaked perlite substrate and forced in
darkness at 9 ◦C for 5–14 days prior to initiating the in vitro culture. The effect of a bulb
pre-treatment at 5 ± 2 ◦C for a period of 3–4 weeks was also positively referred by Muraseva
and Novikova [118], who developed an efficient protocol for in vitro propagation from
bulb scale explants of Fritillaria ruthenica Wikstr., an endangered and rare species. In other
cases, natural conditions made it advisable to prepare the mother plants. Kumar et al. [119]
successfully established an efficient plant regeneration system for Lachenalia. viridiflora
via somatic embryogenesis by growing the mother stock plants in greenhouses under
controlled conditions that closely resembled the natural habitat of this plant species, which
is collected from a specific sub-population in St. Helena Bay, Western Cape, South Africa,
credited to Prof. Graham Duncan. Around 10 mature bulbs of L. viridiflora were carefully
selected and planted in terracotta pots with a standardized diameter of 200 mm. The
potted plants were then nurtured under ambient temperature conditions and exposed to
the natural photoperiod in the controlled environment of the University of KwaZulu-Natal
Botanical Gardens’ greenhouse. The researchers took special care to ensure regular watering
and maintained a weed-free environment to promote optimal growth and development,
mimicking the plants’ natural conditions as closely as possible. Mirici et al. [120] studied
in vitro bulblet regeneration from fresh bulb scale and immature embryos of the endangered
geophyte Sternbergia fischeriana. Before explant sterilization, the collected bulbs were
subjected to a drying process in the dark at room temperature for a duration of 6 weeks.

In conclusion, it could be argued that closed environments, such as glasshouses and
tunnels, are high-quality places for plant cultivation with a reduced risk of contamination.
Treating plants with fungicides and insecticides before obtaining plant material helps to
decrease the risk of contamination. Various practices are available to enhance in vitro
development, altering the physiological state of the parent plant from which explants will
be taken. These practices include implementing long-day treatments, cultivating under
red light, maintaining bulbous plants at low temperatures, and applying PGRs to the
leaves [48]. By focusing on the careful selection and pre-processing of mother plants, stage
0 lays the foundation for a successful propagation process, leading to the cultivation of
healthy ornamental geophytes [47].

5.4.2. Stage 1: Establishment of Aseptic Culture

In this stage, the selected explants are excised from the stock plant material and
surface sterilized with certain chemicals before they are inoculated in the culture medium.
Surface sterilization of plant explants for successful establishment in in vitro conditions,
particularly in the context of plant tissue culture, is very important. The primary goal is to
eliminate microbial contamination, both exogenous and endogenous, without causing harm
to the plant tissues. The success of the sterilization process is crucial for the subsequent
stages of tissue culture [121–124]. Various chemicals, such as antibiotics, fungicides, sodium
hypochlorite, mercuric chloride, ethanol, hydrogen peroxide, calcium hypochlorite, and
silver nitrate, are commonly used for surface sterilization. The concentration and duration
of the disinfection process need to be carefully considered to achieve effective sterilization
without compromising the viability and regeneration ability of the explants. The choice
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of disinfectants depends on the specific plant species and type of explant. The goal is to
create aseptic conditions for plant tissue culture by addressing the challenges associated
with microbial contamination and maintaining the health of the explants [122,125]. The
use of seeds as an initial material in in vitro studies is advantageous because it decreases
the risk of contamination. After germination of the seeds, in vitro seedling parts can be
used as explants for some research [124,126,127]. Yasemin et al. [124] conducted the surface
sterilization experiments for the seeds of P. maritimum. They used 70% ethanol and washed
the seed with distilled water, followed by treatment with different concentrations of sodium
hypochlorite (NaOCl 1.6% and 3.2%) at different durations (15, 20, and 25 min). High
NaOCl and long durations had negative effects on the seeds viability, germination, and
plant formation. Kumar et al. [119] described the successful surface sterilization process for
L. viridiflora leaves. The leaves were treated on a laminar flow bench using 70% ethanol
(v/v) for 60 s, followed by immersion in 2% sodium hypochlorite (NaOCl) for 10 min. To
aid in the process, a few drops of Tween 20 were added as a surfactant. After sterilization,
the leaves were rinsed three times with sterile distilled water.

Unfortunately, the contamination issue represents a substantial concern for the flower
bulb tissue culture, particularly when underground plant tissues are used to initiate the
culture. Although surface sterilization is successful, the plant tissues can be contaminated
due to endogenous microorganisms in the bulbs, and this could also appear in further
culture cycles [36]. Therefore, a thorough sterilization process is indispensable to eliminate
contaminants from the geophytic storage organ explants. In the study conducted by
Lagram et al. [128], a protocol was employed for the preparation of saffron daughter corms
(Crocus sativus L.). The corms were subjected to a series of treatments, including a 30 min
immersion in tap water, gentle brushing with Tween-20, a 1 min exposure to 80% ethanol,
a 20 min treatment with freshly prepared mercuric chloride (HgCl2) at a concentration of
0.2%, and, finally, rinsing four times for 4 min each with sterile distilled water. Sochacki
and Orlikowska [129], in their studies aimed at improving the micropropagation protocol
for two Narcissus cultivars, tested several pre-treatments of bulbs, including the use of
fungicides and hot water treatment (44.4 ◦C for 3 h), followed by a disinfection procedure
with HgCl2 and chloramine T. By using these methods, they were successful in reducing the
initial contamination to 14–17%, and they showed that different genotypes could differently
react to the same treatment.

Seeds of P. maritimum were used as explants in some studies, and surface sterilization
was successful [95,124,126,130]. However, surface sterilization of the flower bulbs is not
quite easy. According to studies conducted by Yasemin S (unpublished data), Gladioulus
corms and Fritillaria bulbs were washed under tap water, then treated with 70% ethanol
and 2.5% NaOCl and washed by sterile distilled water (three times). Unfortunately, all the
explants were contaminated due to the fact that the mother plant was already not healthy.
This could show the importance of mother plant material selection. Some explant photos
are shown in Figure 5.

 
Figure 5. Different explant examples from in vitro propagation of flower bulbs: sea daffodil seeds
(A), Gladioulus corm (B), and Fritillaria bulbs (C).
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Evaluating the negative impacts of sterilizing agents on plant tissues is crucial, with
explant survival data serving as a key parameter. Rafiq et al. [131] and Rather et al. [132]
indicate that combined chemicals were more effective for the achievement of disinfection,
but the use of combined sterilants lead to a reduction in explant survival. Rafiq et al. [131]
experimented with diverse sterilization approaches, incorporating NaOCl (1%) and HgCl2
(0.1%) at varying durations (10 and 20 min), along with combinations involving 70% ethyl
alcohol and carbendazim (200 ppm). The explants were bulb scale-base and bulb scale-tip
from the oriental hybrid Lilium cv. Ravenna. The most effective surface sterilization method
entailed treating healthy bulb scales with carbendazim (200 ppm) for 30 min, followed by
0.1% HgCl2 for 10 min, and then 70% ethyl alcohol for 30 s. Farooq et al. [133] used bulb
scales and young leaves to initiate the culture of Lilium LA hybrids ‘Indian Summerset’
and ‘Nashville’. A pre-treatment of both explants has been made by washing the tissues
in a water solution containing Tween-20 and the fungicide carbendezim. Afterwards,
the surface sterilization of the explants was performed using carbendenzim, HgCl2, and
ethyl alcohol at different concentrations and durations. The highest surface sterilization
success for bulb scales (Indian Summerset: 85.41%, Nashwille: 89.58%) was higher in
the combinational sterilant. Chib et al. [84] also detailed an optimized two-step surface
sterilization method for C. sativus L. This involved separately employing 0.1% HgCl2 and
4% NaOCl, leading to effective asepsis and a noteworthy 86% survival rate of explants.
The disinfection of corms was successfully achieved through this process. Application of
antioxidants, such as ascorbic acid and citric acid, can effectively prevent browning caused
by oxidation. Furthermore, some additives, such as polyvinylpyrrolidone (PVP), charcoal,
and fungicides, can also prevent the browning of explants and endogenous contamination
risks. Appleton et al. [134] performed in vitro regeneration of Hypoxis colchicifolia. When
establishing in vitro cultures, they have experimented with PVP, activated charcoal, ascor-
bic acid, citric acid to inhibit browning, and benomyl solutions as fungicides to inhibit
contamination. They have solved the browning problem with PVP and partially solved
the contamination problem with benomyl. However, these applications do not create the
same response in every plant or plant part. This should be analyzed and optimized for
each plant. Devi et al. [135] have used charcoal and ascorbic acid to reduce the phenolic
exudates, but charcoal inhibited tissue growth, and ascorbic acid caused somatic embyo
death in saffron (C. sativus L.).

In general, young tissues and organs have a higher regeneration capacity than older
ones. Apical and axillary buds from tubers or bulbs can be used to initiate the in vitro
culture. Furthermore, adventitious buds are generally induced by bulb scales or flower
stems. Twin scales are useful explants, although the use of underground storage or-
gans leads to serious contamination problems during the initiation and further multi-
plication phases. Flower stems have the advantage of having low endogenous contam-
ination rates compared to other tissues [18,24,36]. Vegetative segments of plants often
regenerate more easily in vitro than generative ones. Rafiq et al. [131] used basal and
tip bulb scales to micropropagate the oriental hybrid Lilium cv. Ravenna. They also
found that the explant survival rate of basal scales was higher than that of tip bulb scales.
Lapiz-Culqui et al. [136] and Patil et al. [137] used the bulb scales to cultivate different Lil-
ium cultivars. Youssef et al. [138] used the leaf as an explant in their study to increase Lilium
bulb number and size. Ozel et al. [139] used a twin-scale bulb explant to micropropagate the
endemic Muscari muscarimi. Twin scales were also used by Santos et al. [140] to propagate
Narcissus asturiensis and Kukulczanka et al. [141] to propagate Fritilaria melagris through the
same system. Kumar et al. [142] used the bulb scales of the critically endangered Fritillaria
roylei for in vitro culture. Sevindik and Mendi [143], Taheri-Dehkordi et al. [144] used the
corms as explants to propagate the C. sativus L. Furthermore, Slimani et al. [145] informed
us that the vegetative apices, apical and axillary buds, meristematic zone, segments, leaves,
ovaries, protoplasts, corms, and roots are useful to induce the somatic embryogenesis of
C. sativus L.
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Success in this initiation stage can be influenced by environmental factors encompass-
ing nutrient composition, PGRs, light exposure, temperature, atmospheric composition,
and various culture methodologies [18]. Devi et al. [135] reported that the dark conditions
were effective for somatic embryo proliferation in saffron.

5.4.3. Stage 2: Multiplication

The process of multiplication, which is a continuation of in vitro initiation, constitutes
one of the most critical stages in micropropagation. As mentioned in previous stages, leaves,
inflorescences, and bulbous structures (such as bulbs, corms, tubers, etc.) are utilized for
multiplication [53,69]. The selection of the medium to be used (solid, liquid, semi-solid, or
media types MS, B5, WPM, etc.) is crucial for achieving successful responses, in addition to
the use of different explants. The optimization of factors such as salt mixtures (essential
macro-micro elements, carbon sources, vitamins), sugar derivatives, ratios, types, and
concentrations of PGRs, light, temperature, and inductive agents is necessary [69,70]. The
concentration of the PGRs (e.g., cytokinin) is critical, as it can simultaneously promote
multiplication and development while causing adverse effects [146–149]. Each step im-
plemented here will influence both multiplication and subsequent planting stages; hence,
optimal requirements need to be determined. Unfortunately, due to the variability in
results obtained for each species and even within varieties, specific optimization efforts
are required for each plant. This situation poses one of the challenges of tissue culture.
Additionally, high production costs add to these challenges [150].

To achieve effective results at this stage, understanding the plant’s physiology and
mimicking its natural requirements based on the choices made during this phase can be
impactful. The selections made during this stage lead to different differentiations according
to the meristematic zones that will be formed as a result of stimulations in explants (somatic
tissues) [69]. In the regeneration stage, unipolar meristems give rise to shoots or roots,
which is organogenesis. Bipolar meristems, on the other hand, lead to the development of
a complete plant or microcorm, representing somatic embryogenesis [151].

PGRs can stimulate or inhibit the in vitro development of geophytes. Sochacki et al. [152]
aimed at evaluating the influence of PGRs on in vitro shoot multiplication of Tulipa L. ‘Heart
of Warsaw’, and they yielded the best performance (9.14 shoots/clump) when MS medium
was supplemented with N6-(-isopentyl)adenine (2iP) 0.1 mg/L, 1-Naphthaleneacetic acid
(NAA) 0.1 mg/L, and meta-topolin (mT) 5.0 mg/L. Additionally, this study showed that
the type of carbohydrate added to the nutrient solution had a significant effect on the shoot
proliferation of the tulip cultivar; the highest multiplication of the shoots (number of shoots
for one starting clump) was achieved with sucrose (34.33 shoots/per clump) and glucose
(35.88 shoots/per clump) as carbohydrates. Lagram et al. [128], used excised mother corm
buds under different 6-benzyl aminopurine (BAP), 2,4-Dichlorophenoxy acetic acid (2.4-D)
and NAA concentrations in MS medium. The highest bud sprouting (96.67%) and shoot
growth (8.87 cm) were obtained from 1 mg/L BAP and 1 mg/L NAA. They also evaluated
adventitious shoot formation in the explants. The highest adventitious shoot regeneration
(80%) was obtained from 0.5 mg/L NAA and 2.75 mg/L BAP. Recently, micropropagation
via organogenesis has been on the rise. Successful adventitious bud regenerations were
obtained in Lilium, Narcissus, Sternbergia, Hippeastrum, Firttilaria, Muscari, Tulip, Iris, Lach-
enelia, and Hyacinthus [111,112,118,120,138,139,153–162]. As seen in Figure 6, organogenic
structures were obtained from bulb scales in P. maritimum.

 

Figure 6. Organogenic structure, leaf, and bulb growth from P. maritimum callus derived from bulb scales.
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Slimani et al. [145] explained the importance of somatic embyrogenesis for C. sativus L.
to propagate healthy corms. MS, LS, and B5 media were supplemented with the growth
regulators BA, NAA, Kinetin (Kn), Thidiazuron (TDZ), and 2.4 D tested at different concen-
trations. Ebrahimzadeh et al. [163], obtained somatic embryos by using meristem explants
of C. sativus L. cultured in LS culture medium, which included 2 μM benzyladenine (BA)
and 2 μM NAA. Sheibani et al. [164] used corm explants in MS medium supplemented
with TDZ (0, 0.1, 0.25, and 0.5 mg/L), and they obtained somatic embryos from 0.5 mg/L
TDZ. Marković et al. [165] delved into the intricate world of somatic embryogenesis in
F. meleagris, emphasizing the crucial role of PGRs in this process. Their study illuminated
that the medium without PGRs exhibited exceptional efficiency throughout the experiment,
showcasing a robust somatic embryogenic response. Moreover, the medium with lower
concentrations of PGRs also proved to be conducive to somatic embryogenesis. The pinna-
cle of morphogenetic success was achieved in a BAP/2,4-D-containing medium with the
lowest PGR concentrations. This insight into the optimal conditions for somatic embryo-
genesis opens avenues for enhanced propagation strategies, potentially revolutionizing
the large-scale production of F. meleagris. Kocak et al. [166] investigated somatic embryo-
genesis potential in various explants (ovules, divided ovary parts, leaves, and petiole
segments) from 15 different genotypes of the wild species Cyclamen persicum Mill. The
explants were cultured on a medium with specific PGRs to induce embryogenic callus. The
study found significant variations in embryogenic potential among explants and genotypes.
While petiole explants produced the most callus, ovary explants were most efficient in
forming somatic embryos. Recently, an efficient method for tulip regeneration via SE was
developed [167,168]. Some reports on SE are also available by using leaf, petiole, ovary,
anther, roots, and aseptic seedling tissues as explants in cyclamen [166,169–174]. Aseptic
seedling tissues (cotyledons, petioles, tubers, and roots) have also been used as explants to
initiate SE culture in many medicinal and endemic geophytes (e.g., Crocus, Iris, Hypoxis,
Colchicum, etc.) [135,143,163,164,175–178]. Some embryo-like structures from P. maritimum
bulb explants are shown in Figure 7A–C. Moreover, embryogenic callus and regeneration
in R. asiaticus were shown in Figure 7D,E. Thalamus-derived calli in R. asiaticus L. have
been initiated on MS medium containing the growth regulator 2,4-D and cytokinins (BA
and kinetin), according to Beruto et al. [179].

Figure 7. Embryo like structures (ELS) in the callus of P. maritimum (A–C) and the embryogenic callus
and regeneration in R. asiaticus (D,E).

5.4.4. Stage 3: Bulb Growth

Following the multiplication phase, in non-bulbous plants, the optimization of media
plays a crucial role in enhancing the successful rooting of developed shoots. However, this
phenomenon is not uniformly applicable to geophytes, where the acquisition of storage
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organs proves to be challenging and time-intensive [152]. This phase in geophytes is
directed towards the acquisition of shoots, primordia, and bulbs (Figure 8).

 
Figure 8. Bulbs formation from seeds and callus derived from bulb scales in P. maritimum.

In some plant species, the sequence involves the initial rooting of shoots followed by
subsequent bulb formation, while in others, bulbs are generated directly [18]. The induction
of bulb formation occurs through diverse mechanisms. Investigations into bulb formation
have explored the influence of various sugar types and concentrations, PGRs, light quality,
temperature, and distinct tissue culture conditions (solid, liquid, medium, and bioreactor
utilization). Sochacki et al. [152] conducted an investigation on the bulb formation of
previously multiplied Tulipa L. ‘Heart of Warsaw’ plantlets, examining various carbohydrate
types, different phase media, and PGRs. The highest bulb formation (28.00 bulbs) and the
most mature bulbs (14.50 bulbs) were achieved in a two-phase (liquid) system with 1 mg/L
PBZ and glucose. Pałka et al. [111] utilized bulb scales of Lilium candidum as explants in
in vitro MS media and assessed the impact of different light qualities (spectral compositions
of red (100%), blue (100%), and red and blue light (RB ratio 7:3), RB light was mixed in
equal proportions (50%) with green (RBG), yellow (RBY), UV (RBUV), and far-red (RBfR)
light, white LED (Wled), fluorescent lamp light (Fl), and darkness (D)) on bulb formation
without the use of PGRs. The study resulted in a bulb formation rate of 79–100% across
all explants. The best results in terms of bulb number were obtained from Fl (16.3), RBY
(13.33), and RBfR (13.33), B (12.69), RB (12.63), and Wled (14.36) treatments. The lowest
rate (3.00) was observed in plants kept in darkness. The largest bulb diameter (5.41 mm)
and the highest photosynthetic pigment content were obtained from the RBG treatment.
Darkness and red light induced etiolation. Additionally, soluble sugars in bulbs were
stimulated by darkness and blue light. Lagram et al. [128] used different sucrose, IBA, and
NAA concentrations on corm production and root regeneration in 1

2 MS. Furthermore, they
considered the photoperiod effect (16 h/8 h and dark conditions) on the parameters. They
obtained the best results in 1

2 MS, 6% sucrose, 1 mg/L NAA, and dark conditions with
100% corm production, 7.9 g mini-corm weight, 93.8% root formation, and a root number
of 14.9 per mini-corm. In the realm of bulb growth in F. meleagris, Marković et al. [165]
unraveled key factors influencing the development of bulbs in vitro. Their investigation
revealed that bulbing ability remained relatively high in the absence of PGRs and, for
the most part, was unaffected by varying concentrations of the tested PGRs. Notably, the
study identified that the lowest cytokinin concentration, in combination with low auxin,
significantly enhanced bulb formation when the cultures were transferred to a higher
temperature. This finding underscores the importance of temperature modulation and
specific PGR combinations for optimizing bulb growth in F. meleagris. Understanding these
dynamics can contribute to refining propagation methods and accelerating the scale-up of
bulb production for this species. Azeri and Öztürk [180] investigated the most effective
hormone treatment to induce and produce Lilium monodelphum M. Bieb, var. Armenum in
tissue culture rapidly and efficiently. Optimal bud regeneration (11.67) was achieved in a
medium containing 3.0 mg/L TDZ, 0.25 mg/L NAA, and 0.1 mg/L GA3. Additionally, the
highest microbulb formation (15.83) was observed in a medium comprising 2.0 mg/L PAC,
0.2 mg/L NAA, and 0.1 mg/L GA3.

In recent years, the use of bioreactor systems has shown an increase in healthy plant re-
generation. Studies on the regeneration of bulbs, corms, rhizomes, microtubers, shoots, and
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subsequent rooting, as well as somatic embryogenesis, have been on the rise [181]. In their
published article, Murthy et al. [181] indicated the proliferation of Lilium hybrids and Allium
sativum bulbs, C. sativus and Alocasia amazonica corms, microtubers of Solanum tuberosum va-
rieties, and rhizomes of Cymbidium sinense using various bioreactor systems [110,182–194].
According to Murthy et al. [181] the selection of an appropriate bioreactor system is crucial
due to various factors (design, principle, inoculation density, aeration, temperature, light
intensity, etc.) that influence the regeneration of propagules. To minimize losses of small
bulblets and prevent dormancy, direct transplantation of plantlets is often preferred.

Rooting can be improved through various methods, such as adding auxin and/or
activated charcoal (AC) to the culture medium, adjusting the auxin-to-cytokinin ratio, and
using half-strength salts and sucrose. In the study by Azeri and Öztürk [180], microbulbs
were subjected to rooting media with indole 3-butyric acid (IBA 0.5 and 1.0 mg/L). Suc-
cessful plant development, with root numbers of 6.4 and 5.9, respectively, was observed in
media containing 0.5 and 1 mg/L IBA.

For successful acclimatization, hardening is essential. This process enhances tolerance
to moisture stress and prevents hyperhydricity [18]. In Rafiq et al. [131] study on Oriental
Lilium hybrid cv. Ravenna, varying combinations of IBA and NAA significantly influenced
microshoot rooting behavior. IBA outperformed NAA, with the highest rooting (92.71%)
and primary root characteristics observed in a medium supplemented with 1.50 mg/L
IBA. Explants showed differences, with basal scale segments exhibiting the highest rooting
(92.71%), percentage root number/shoot (10.02), and length of primary roots (2.17 cm),
while tip scale segments had the lowest (77.55%, 9.08, 1.65 cm). Notably, primary hardening
influenced plantlet survival, with the highest ex vitro survival (98.96%) in plantlets from
IBA (1.5 mg/L)-fortified media, particularly in basal scale segments. Rooted plantlets
were hardened in media containing perlite and vermiculite (1:1). This suggests that IBA-
treated cultures resulted in superior ex vitro survival, possibly due to enhanced rooting
characteristics such as root number and length.

Direct bulblet induction in certain genotypes can provide several advantages, includ-
ing the elimination of in vitro rooting, prevention of hyperhydricity, avoidance of the need
for hardening, increased survival rates, and a shortened bulb production period. Condi-
tions conducive to bulb formation involve high sucrose concentrations, the application of
plant growth retardants, exposure to low temperatures, and the utilization of aged shoots.
It’s worth noting that in vitro formed bulblets may experience spontaneous dormancy, as
reported by Kim and De Hertogh [18]. In the research conducted by Chib et al. [84], they
experimented with a high sucrose concentration combined with PGRs to enhance efficiency
over a 90-day timeframe. The most favorable outcomes were observed when using a combi-
nation of MS medium, TDZ, IAA, activated charcoal, and 4% sucrose, resulting in a notable
68% efficiency. Lower sucrose concentrations led to sluggish growth, while concentrations
exceeding 4% resulted in cell death, as evidenced by the blackening of the callus. Different
sucrose, BA, and 2,4D concentrations in MS media affected the growing bulbs in in vitro
conditions for P. maritimum [95].

5.4.5. Stage 4: Dormancy Breaking

Some geophytes produce new buds that enable vegetative propagation through their
underground storage organs [195,196]. After an active growth and flowering period, senes-
cence of aboveground tissues is followed by root senescence, leading the plant into a
dormant phase with no visible organogenesis. To survive under unfavorable environmen-
tal conditions that are not conducive to their development and proliferation, these organs
enter a state of dormancy. Seeds, apical and vegetative buds, floral buds, bulbs, corms, and
tubers can enter dormancy. Most geophytes show dormancy as an integral part of their life
cycle [197]. Dormancy is characterized by the inability to initiate growth from meristems
under favorable conditions. In geophytes, dormancy can manifest in three different types:
endodormancy (internal inability to grow), ecodormancy (environmental conditions), and
paradormancy (apical dominance, hormonal status, metabolite-sugar levels) [196,198–200].
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When evaluating the concepts of dormancy and true dormancy, it is important to note
that true dormancy persists until dormancy is completely terminated, even if favorable
environmental conditions are present. Unlike many other plants, geophytes do not exhibit
true dormancy, as activities continue even during dormant phases. Most bulbous structures
obtained through tissue culture display dormancy. During in vitro regeneration, bulbs and
other storage organs such as tubers and corms typically undergo dormancy, similar to their
behavior in natural conditions. The level of dormancy may vary depending on factors such
as sucrose concentration, age of the bulb, and environmental conditions [18,116,201]. The
growth and sprouting of geophytes in vitro are influenced by dormancy, bulb size, and ma-
turity [202]. Therefore, an efficient in vitro protocol, including dormancy release, is crucial
for the rapid, efficient, and valid commercial exploitation of all horticultural geophytes. To
overcome this constraint, in some Fritillaria species, different temperature regimes were
tested under in vitro conditions. Kizil and Khawar [158] found the bulblet diameter in-
creased on MS medium with 50 mg/L sucrose after 30 days at 4 ◦C. Successful rooting of
Fritillaria bulblets was achieved on MS medium with 0.5 mg/L NAA. Marković et al. [165]
carried out bulb-scale culture with different PGR combinations for four weeks at 7 ◦C in
F. meleagris. They found that in the control medium (PGR-free medium), shoots per explant
were higher and reached a maximum at the end of the chilling. In the study conducted
by Carasso and Mucciarelli [203], seeds of F. tubiformis Gren. & Godr were chilled at 4 ◦C
for 30, 60, and 90 days in 1% agar medium. At the end of cold stratification, seeds were
disinfected, and immature zygotic embryos were rescued from seed coats. The highest
number of somatic embryos occurred in zygotic embryos subjected to 30 days of cold
stratification on MS medium supplemented with 8.88 μM BA and 2.68 μM NAA. Successful
conversion of somatic embryos into bulblets necessitated transfer to a maturation medium
supplemented with 4% (w/v) sucrose. In the presence of 4.92 μM IBA, bulblets sprouted
and developed roots, leading to the establishment of newly formed plants suitable for pot
cultivation. Çakmak et al. [162] obtained the F. persica in vitro bulblets from MS medium
containing 20 g/L sucrose. They found major constraints during the acclimatization stage
unless a cold treatment (4 ◦C for 2 months) was applied for dormancy breaking of bulblets.

Bulblets and other storage organs produced in vitro are easily handled, transported,
and stored, which makes them preferable propagation plant material. The dormancy
period facilitates global commercial handling, and, consequently, the precise regulation of
geophyte dormancy and geophyte dormancy release becomes imperative for the efficient
management of their production, shipping, and utilization [199].

5.4.6. Stage 5: Ex Vitro Acclimatization and Growth

Transplanting ex vitro plantlets to greenhouse conditions requires specific care, a
gradual lowering in air humidity, and a progressive adaptation to high light levels [18].
However, bulblets and other storage organs produced in vitro do not require an extensive
acclimatization procedure after transfer to soil. In the last step of micropropagation, in vitro
bulblets are produced for many flower bulbs: Hippeastrum [157], Hyacinthus [204], Iris [205],
Lilium [138], Muscari [139], Narcissus [206], and Tulip [207]. In some cases, such as lily and
hyacinth, in vitro bulblets are formed under the normal tissue culture conditions used in the
final stage of micropropagation; in other cases, a specific bulb-inducing treatment should
be performed (e.g., in tulip and iris). The size and weight of the bulblets produced in vitro
greatly can affect their further performance under in vivo conditions [208]. In addition,
it was found that sufficiently large lily bulblets were able to sprout with a stem instead
of a rosette, enhancing in vivo growth [209]; this was related to a switch in ontogenetic
development from juvenile to adult vegetative status. The in vitro-developed bulblets of
F. persica were transplanted under in vivo conditions according to a two-step procedure.
Ex vitro bulblets were first transferred in trays containing compost and placed in growth
cabinets under a 16 h light photoperiod at 23 ◦C and 90% humidity over a 2-week period.
Following this, the bulbs were moved to in vivo conditions, where satisfactory survival
and noteworthy flowering were observed [162]. In the study by Azeri and Öztürk [180],
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microbulbs were subjected to rooting media with IBA (0.5 and 1.0 mg/L). Successful
plant development with root lengths of 6.4 and 5.9, respectively, was observed in media
containing 0.5 and 1 mg/L IBA. All plantlets obtained through tissue culture demonstrated
survival when transferred to the soil.

The different substrates and their mixtures used during the acclimatization could
affect the success of this stage. However, in the literature, we have several successful
examples. Yasemin et al. [95] transferred the P. maritimum plantlets into sand, sand:peat
(1:1), and peat, and the survival rates were more than 90%. Rafiq et al. [131] transferred
the rooted plantlets into media containing perlite and vermiculite (1:1). The survival
rates were more than 80%. Fritillaria ruthenica was acclimatized to a coconut fiber and
sand (3:1) mixture in a greenhouse. The survival rate was found to be 72% [118]. In
Cyclamen, İzgü et al. [169] obtained embryogenic-like structures (ELSs), which further
germinated on PGR-free culture initiation medium (CIM). Developed plantlets were trans-
planted to pots with peat and sand, and successful acclimatization was achieved, with
survival rates of 70%, 63%, 54%, and 25% for C. mirabile, C. pseudibericum, C. cilicium, and
C. parviflorum, respectively.

6. Somaclonal Variation

In vitro isolation and culture of explants often lead to callus formation, influenced
by species and a high auxin-to-cytokinin ratio. Continuous callus culture may result in
genetic variation and the loss of regeneration potential over generations. Callus cultures
in geophytes have been used for plant regeneration, cell suspension production, and
isolating somaclonal variants [18,210]. The evaluation of somaclonal variation is crucial
for ensuring the success of in vitro propagation to achieve true-to-type clones. While
somaclonal variations may pose challenges in clonal propagation, they can be advantageous
in breeding programs [211]. Van Harmelen et al. [212] determined somaclonal variations
from callus derived from bulb scales of L. longliflorum. The callus was kept for 3 years
at 20 ◦C in the dark, and after this period, regeneration was detected. Their findings
showed mutations in the regenerated plants, such as dwarf plants, malformation of the
leaves, and male sterility. The use of molecular markers is one of the most effective
strategies for monitoring somaclonal variations, and ISSR markers have been used in
many studies [213–215]. Memon et al. [216] detected somaclonal variation among in vitro
propagated cormels of gladiolus using RAPD and ISSR molecular markers. The observed
variations had varying degrees in the mother cormels and were evident across different
varieties of gladiolus. Asadi et al. [217] found that indirect embryogenesis resulted in
somaclonal variation, while direct embryogenesis produced uniform plants in Galanthus
transcaucasicus. Higher NAA concentrations increased somaclonal variation, with the
highest observed at the maximum NAA concentration. ISSR analysis showed no somaclonal
variation in plants at low BA and NAA concentrations, but significant variation occurred at
high NAA concentrations. Kritskaya et al. [146] investigated the somaclonal variations in
Tulipa suaveolens with ISSR markers. They obtained bulblets through direct organogenesis,
showing morphological similarities with intact plants. However, ISSR analysis detected a
notable level of somaclonal variability, ranging from 13.9% to 15.8%.

7. New Approaches and Future Perspectives for Flower Bulb Micropropagation

As presented in this chapter, all micropropagation stages of the flower bulbs need opti-
mization. Each stage depends on variable factors such as plant genotype, culture medium,
different types and concentrations of plant growth regulators (PGRs), etc. The optimization
of a tissue culture medium for specific purposes involves numerous components and com-
binations, requiring considerable time and expertise. Integrating artificial intelligence (AI)
into the micropropagation of plants proves to be a promising approach to overcoming the
challenges associated with in vitro culture. AI models and optimization algorithms have
emerged as effective tools for addressing this complexity [218,219]. AI models started to be
applied to increase the efficiency of tissue culture studies such as in vitro sterilization, callus
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induction, shoot multiplication, organogenesis, somatic embryogenesis, rooting, acclimati-
zation stages, and in vitro haploid production. By categorizing the diverse data derived
from plant tissue culture, including binary inputs (e.g., non-embryogenic/embryogenic
callus), discrete variables (e.g., the number of roots, shoots, and embryos), continuous
variables (e.g., length of shoots or roots, and callus weight), time-series data, temporal data,
fuzzy inputs (e.g., the degree of vitrification, callus color, and the developmental stages of
embryos), and categorical variables (e.g., the type of reaction, or the type of phytohormones
and carbohydrate sources), AI facilitates a comprehensive understanding of the interactive
nature of these variables [218]. These computational models have found application across
various plant species, and their potential efficacy extends to flower bulbs. Notably, an
investigation into the capacity of microshoots to form corms in Gladiolus hybridus employed
self-organizing mapping and artificial neural network (ANN) models [220]. The utilization
of these models underscores the versatility of AI in advancing micropropagation techniques
specific to flower bulbs, exemplifying its potential to contribute significantly to the opti-
mization and enhancement of bulbous plant propagation methodologies. However, despite
their potential, the use of AI and OA in plant tissue culture processes could be limited
due to complex definitions and computational algorithms [218]. Advances in biotechnol-
ogy should be coupled with advances in AI to reach the goal of new impacts in tissue
culture processes.

Like in other plants, gene editing studies are conducted in geophytes as well. In
the context of ongoing advancements in genetic engineering, the significance of tissue
culture in relation to gene editing is particularly evident [221] Particularly in geophytes of
economic importance with high medicinal and aromatic values, we can come across genetic
editing studies aimed at increasing the content of important compounds in storage organs
or plant parts. Ornamental geophytes, with large genomes, pose research complexities.
Kamo et al. [210] emphasized that the application of modern biotechnological approaches
to geophytes faces challenges in developing transgenic varieties. Issues include the lack of
efficient transformation systems and difficulties in gene integration into specific genome
regions. The initial phase in achieving the successful development of genetically modified
plants involves creating a straightforward, effective, and practical protocol for transferring
and integrating recombinant DNA molecules into host cells. The challenges associated
with genetic transformation in plants, such as the resistance of cells to in vitro culture and
the genotype-dependent nature of traditional methods, underscore the need for efficient
gene delivery systems. The utilization of advanced techniques like pollen transfection, as
demonstrated in a study by [222], represents a breakthrough in achieving large-scale, fast,
and efficient transfection in lilies. Subsequently, the second step involves regenerating the
recombinant cells into mature plants. Researchers have explored various modifications
in inoculation, co-cultivation, and regeneration media to devise an efficient gene trans-
formation protocol [223]. The integration of the CRISPR/Cas9 system further amplifies
the potential for precise gene editing, allowing for site-directed mutagenesis, sequence
insertion, and modulation of gene expression. Protoplasts, an essential component of plant
tissue culture, play a crucial role in studying various aspects of plant development, phys-
iology, and genetics. The integration of CRISPR/Cas9 technology into protoplast-based
systems highlights the convergence of molecular biology tools with tissue culture methods,
offering unprecedented opportunities for the study of molecular mechanisms and the
advancement of plant breeding techniques [221]. This approach also touches geophytes,
even though geophytes have a lot of challenges. For example, C. sativus contains numerous
aromatic and volatile compounds. Genetic editing has been targeted to enhance the content
of crocin, picrocrocin, and safranal apocarotenoids in this plant, as they are responsible for
color, bitter taste, and aroma. Preliminary CRISPR studies have been conducted for this
purpose [86]. Biotechnological research on geophytes contributes to expanding our under-
standing of plant biology. Using the CRISPR method, it is possible to enhance and replicate
many important medicinal and aromatical contents of geophytes, overcome difficulties in
their multiplication, and increase tolerance to biotic and abiotic stresses.
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8. Conclusions

Tissue culture techniques can reply to the requirements of present-day floriculture,
asking for novelties and good quality of the starting plant material to introduce in the
productive flow. Tissue culture has found great application in the flower bulb industry,
and many new methods of micropropagation have been developed over the last several
decades. Many research papers are aimed at describing micropropagation protocols for
specific species, but, as deduced from our review, there is a need for a multifunctional
approach able to face the important challenges that are still present. Aside from the insights
on biochemistry and physiology, molecular biology and artificial intelligence could be
of great help in advancing the establishment of valuable tissue culture protocols for new
genera/species.
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Abstract: The creation of green areas within urban centers was born as a response to profoundly
different problems, such as the demographic increase and the progressive urbanization of landscapes.
Moreover, up to date, the genetics of plants has not been considered for urban contexts. The purpose
of this review is to discuss the state of the art and the advantages in planning genetic improvement
for plants for urban destinations, also providing technical information, that may contribute in a
concrete way. Firstly, recent genomic sources and their potential contribution to breeding programs
are discussed. Then, dividing the urban scenarios into four macro areas (i.e., urban/metropolitan
parks, urban gardens, road verges and roofs/terraces/balconies), we described the role of genetics in
the adaptability and sustainability of plants in these different contexts. In addition, we analyzed the
genetic traits plants need to provide services for a city environment and population (e.g., pollution
reduction, biodiversity conservation, soil stability, and food production).

Keywords: urban area; plant breeding; ideotype; plant genetics; plant genomics urban vegetation;
adaptability; sustainability; marker-assisted selection; marker-assisted breeding

1. Introduction

Several examples document the inevitable and continuous interaction between hu-
mans and plants, primarily characterized by the human interest in using them for con-
sumption, materials production, medical purposes, decoration, and bioremediation. An
example of the most striking human manipulations on the plants’ life and environment is
the establishment of urban green spaces, for instance, public parks and/or private residen-
tial gardens, with surfaces more or less limited, where plants are grown with objectives
often different from those of agriculture [1]. In fact, if agriculture has aims that are almost
exclusively at production, the creation of green areas within urban centers was born as
a response to profoundly different problems, such as the demographic increase and the
progressive urbanization of landscapes. The latter is among the dominant anthropogenic
factors influencing the natural and adaptive evolution of living populations [2], and for
this reason, it is the most important phenomenon affecting the environments in the 21st
century [3–6].

Considering the multitude of urban contexts, purposes, and needs for which green
spaces in cities are created, it is today very challenging to provide an exhaustive definition of
‘urban area’ and its relative ‘urban vegetation’, since the geographic, climatic, and resource-
related opportunities, and constraints, are not equally distributed factors across the world
and specific for each context. Furthermore, urban vegetation can also include cultural plant
typology with agricultural interest related to food production, such as the horticultural
species. Starting from these considerations, the present review aims to provide a general
overview of how genetics and genomics notions can help in the selection and improvement
of plant species and/or suitable varieties for specific urban contexts. In detail, after a brief
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overview of the genomic tools available and potentially usable in genetic improvement
plans, we focused on the evaluation of particular genetic traits for the selection of plants in
relation to the urban area in which they are used and the environmental stress to which
they are generally subject. Finally, we took into consideration the contribution of genetics
in achieving specific goals that are usually set in urban contexts.

Processing Criteria

With a univocal classification of urban green spaces not being present [7–9], in order
to allow a better understanding of some of the aspects covered, we judged it appropriate to
simplify the classification of these environments by empirically dividing them into four
macro areas, according to their surface availability per plant and their intended usage
as follows:

(i) Urban/metropolitan parks: these are green areas in cities, and other incorporated places,
that offer recreation and green spaces to residents of and visitors to the municipality;

(ii) Urban gardens: these are areas where urban vegetation is exploited to provide food
products, especially employing horticultural species. Urban food production can
be carried out by citizens or administrations in private buildings and public spaces
for self-consumption, or can be performed by farms with commercial purposes, also
using innovative outdoor or indoor growth systems;

(iii) Road verges: these are small, vegetated areas composed of grass or plants and some-
times also trees, mainly located between a roadway and a sidewalk or within round-
abouts;

(iv) Roofs/terraces/balconies: these are small green areas located in private or public build-
ings. They include both surfaces partially or completely covered with vegetation
(e.g., green roofs) and container gardens where plants are maintained in pots.

Each of these four categories is set up according to different purposes (ornamental,
urban planning, bioremediation, soil consolidation purposes, etc.), that, in turn, affect the
choice of the species/varieties to be used (i.e., woody perennial plants, meadows and turf
grasses, horticultural and floricultural ornamental plants), and their adaptive characteristics
(resistance to biotic, abiotic stress, hypogeal and epigeal habitus, minimum maintenance
requirement, etc.). For this reason, as previously indicated, it is not easy if not impossible
to define specific and common breeding programs for urban vegetation, since it includes
both agricultural and not species with different genetic and physiological properties, and
agronomical needs (Figure 1).

The bibliographic analysis for this work has been performed exploiting Scopus® in
order to search for articles and reviews of interest written in English by integrating different
combinations of selected keywords for every paragraph, including terms defining:

(a) The environment of interest: “urban areas”, “cities”, “green areas, “green gardens”
“public green”, “public parks”, “urban agriculture”;

(b) The plant typologies: “plant”, “ornamental”, “flowering”, “horticultural”, “woody”,
“trees”, “meadows”, “turfgrasses”;

(c) The genetic subject: “breeding” “molecular markers”, “marker-assisted selection”
“marker-assisted breeding” “molecular selection” “genomic selection” “genomics”
“genetic improvement” “variety” “cultivar”;

(d) Specific goals: “abiotic stress”, “heat shock”, “biotic stress”, “pathogen stress”, “water
stress”, “drought”, “dwarf” “compacted”, “growth habit”, “edible flowers” “food
production”, “leafy vegetation”, “baby leaf”, “phytoremediation”, “air purification”,
“biodiversity”, “soil erosion”, “soil stability”, “psychosocial”, “ecosystem services”.
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Figure 1. Schematic representation of the multilayered framework of the most common contexts, here
defined as Macro Areas, found in an urban environment. In each macro area, the goals to achieve are
multiple and specific, depending on the characteristics and needs of every specific zone, and specific
vegetation type that is desired to use. However, under all conditions, the need to use specific cultural
plant typology able to cope and tolerate environmental stresses is a fundamental requirement. In
addition, the potential environmental and social benefits deriving from them are indicated. Details
are described in the text.

The lists of documents found have been then manually screened to select the most
relevant works. In addition, the research has been deepened with a snowball sampling
approach, exploiting citations and references included in the already screened papers.

2. Genetic Information as a Genomic Tool That Is Potentially Helpful in Breeding
Approaches for Urban Contexts

Plant breeding is a science-driven creative process that involves the evaluation, se-
lection and propagation of plant populations characterized by a combination of specific
desirable traits [10]. Originally, conventional breeding was exclusively based on time-
consuming and expensive phenotyping observations: plant selection was accomplished
through massive screening of phenotypic parameters mainly related to the morphology of
the plant (fruits, flowers, stem), to its tolerance to both biotic (insects, molds and viruses),
and abiotic stresses (temperature, drought, salinity, heavy metals) [11].

Genetics made it possible to overcome many of the limitations associated with con-
ventional breeding, facilitating, and speeding up the process of varietal constitution. New
opportunities for crop improvement were generated thanks to the increasing availability
of whole genome data that, in turn, enabled the discovery of candidate genes related to
traits of interest, mutations responsible for phenotypic variability (e.g., single nucleotide
polymorphisms, SNP or insertion/deletion, Indel) and molecular markers associated with
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traits of interest (e.g., simple sequence repeats, SSR) [12]. Overall, these molecular data are a
powerful predictive tool for the targeted selection of superior genotypes. However, as their
discovery is strictly dependent on the availability of sequenced genomes, for many years,
their application in breeding processes has been limited to a few sequenced species of great
agricultural and economic importance, such as rice, barley, tomato, and grapevine [13].
Moreover, before the advent of single molecule real-time (SMRT) sequencing (better known
as third-generation sequencing platforms), the complex architecture of a genome repre-
sented another major obstacle to the assembly process. The set of sequenced genomes
belonging to ornamental species and some tree families still only represents a small fraction
of all genomes sequenced thus far for three main and often coexisting reasons [14]. First,
in this category of plants, the high level of heterozygosity along with the abundance of
GC and repetitive sequences represent a significant source of ambiguity during genome
reconstruction. Second, some fruit tree species are often widespread in urban areas (e.g., the
Citrus genus) [15], and several ornamental plants (e.g., Rosa, Chrysanthemum, Lilium, Man-
devilla, and Primula) [16] are the result of intraspecific and interspecific crosses and ploidy
manipulation. These aspects increase the probability of chimeric assemblies because of
incorrect connections between scaffolds belonging to homologous chromosomes [17]. Fi-
nally, technical problems in the assembly phase are frequently encountered in species
characterized by mega-genomes (i.e., genomes > 10 Gb), such as ornamental plants (e.g.,
peony, 13.79 Gb) [18] and tree genera typical of the urban context (e.g., Cedrus, 15–16 Gb,
and Pinus, 31 Gb) [19].

The progressive collapse of sequencing costs and the release of tools able to overcome
part of the technical challenges previously mentioned made HTS (High-Throughput Se-
quencing) platforms accessible also to minor crop species (also known as orphan crops, for
review, see for example Simko et al. [20] and Bohra et al. [21]) and ornamental plants (for
review, see Zheng et al. [14]). As a matter of example, the number of sequenced genomes
completed yearly for ornamental plants significantly increased from 1 in 2012 to 17-20 in
the last five years, and currently, the genome sequences of more than 70 ornamental species
have been released [14]. Conversely, most of the tree species frequently found in urban
green areas of the Mediterranean basin (e.g., Carpinus betulus, Tilia cordata, Acer platanoides,
and Pinus pinea) remain unsequenced today.

Genomics and transcriptomics open a wealth of opportunities not only for large-scale
plant breeding but also for small-scale cultivations, such as those in an urban environment.
In Table 1 we reported the main molecular approaches currently used to connect phenotype
to genotype. In fact, the ultimate goal in plant breeding is to use the genotypic information
to predict phenotypes and select improved cultivars [22,23].

Table 1. Overview of the main genomics and transcriptomics techniques useful for breeding purposes.

Techniques General Description To Learn More about

Whole Genome Sequencing (WGS)

The genome of a species is assembled for the first time into
chromosomes with high coverage and it is functionally annotated to

produce a reference assembly and to predict hundreds of loci
underlying agronomic traits

[24]

RNA-seq analysis

RNA-seq can be used to examine the RNA sequences that are
present in a sample (transcriptome). This is crucial for linking the

information contained within the genome with the functional
proteins that are expressed. RNA-seq can be used to elucidate which

genes are turned on or off within a cell under specific conditions

[25]

Whole genome resequencing (WGR)
The genome is fully sequenced with low or modest coverage and is

aligned against the reference genome assembly to predict allelic
variants

[26]

Reduced
Representation

Sequencing (RRS)

GBS A fraction of the genome is sequenced and aligned against the
reference genome assembly to predict allelic variants. For GBS,

ddRAD-seq, 2bRAD-seq and ezRAD-seq the regions to be
sequenced are randomly chosen using restriction enzymes, for

target-seq the regions to be sequenced are selected through PCR

[27]
ddRAD-seq [28]
2bRAD-seq [29]
ezRAD-seq [30]
target-seq [31]

Regardless of the methodology used, if the allelic variant(s) is responsible for a favor-
able trait, it can be subsequently introgressed into an elite variety through a combination of
conventional breeding and molecular marker-assisted selection (MAS). MAS is defined as a
process where molecular markers associated with a specific trait of interest are used for the
selection of the trait itself. In this sense, the use of molecular markers is particularly indi-
cated when the phenotypic evaluation of the trait is hardly doable (e.g., disease resistance)
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or expensive (e.g., male sterility) [24]. MAS is also effective in selecting desirable gene
alleles independently from possible confounding environmental, pleiotropic or epistatic
effects, in monitoring the introgression of a desirable allele in backcrossing events, or in
identifying and avoiding linkage drag effects [32].

Considering the ratio between extragenic and genic regions, most variants identified
through WGR or RRS are unlikely to underlie phenotypic effects. However, the combina-
tion of hundreds of noncoding allelic variants produces molecular profiles able to identify
uniquely a given genotype. Such information is extensively used for screening populations
and selecting parental genotypes in breeding programs (marker-assisted breeding, MAB),
testing the purity and uniformity of commercial varieties, evaluating the stability of culti-
vars through generations, registering new varieties and for assessing their distinctiveness
from preexisting varieties [33].

For large-scale crop breeding (open-field and greenhouses), the marker-assisted genetic
improvement techniques mentioned above are well documented [34]. The development
and incorporation of molecular markers in breeding processes could also be adopted for
small-scale cultivation approaches (from urban parks to small private allotments). In the
latter case, the goal would be the development of varieties with a genetic background
suitable for urban needs. In this context, the contribution of genomics in identifying
markers and genes responsible for plant adaptability in urban environments will play a
crucial role.

3. The Role of Genetics in the Adaptability and Sustainability of Plants in Different
Urban Contexts

In the development of any plant breeding program, it is necessary to define the desired
variety’s ideotype, i.e., the ideal plant model endowed with every trait of interest for the specific
aims and destinations [35]. While some adaptive characteristics of plants are shared by all
types of urban vegetation, there are others that must respond to specific context conditions;
thus, the ideotype can change according to the macro area considered. For example, the soil
requirements of a tree grown on a roadside must necessarily be distinct from those of a tree
grown in an urban park. This is both to allow the plant to grow by bypassing the stress of soil
deficiency and to prevent it from causing damage to the road surface as it grows. Generally,
plants must be able to cope with the environment in which they are introduced, not suffering
from abiotic or biotic stresses. In fact, urban areas represent environments characterized by
restrictive growing conditions due to a high density of buildings, infrastructures, and heavy
traffic, which cause negative effects such as soil compaction, pollution, high temperatures,
drought, lack of light, presence of heavy metals, high salinity, and nutrient deficiency [36]. The
ability to cope with different kinds of stress has become even more important, considering the
increasing impact that environmental changes and global warming have on plants [37]. In past
years, it has been reported that abiotic stresses reduced by as much as 50% the yields of most
major crops worldwide [37–39]. Providing varieties able to adapt to several different types of
environments and resilient to stress factors is in general a major challenge in the immediate
future for breeders to guarantee cultivation [40–42]. Moreover, plants must also be resilient
to stresses to limit the usage of agronomic inputs. Modern cultivars have been mainly bred
for performance under a high supply of factors such as irrigation water, fertilizers, pesticides,
and interventions such as tillage and manutention [43]. Hence, the need to provide varieties
environmentally and economically sustainable stands with a view of limiting costs and energy
exploited for their cultivation, reducing limited resource usage, and avoiding the introduction
of polluting chemical compounds into the environment [44,45]. In addition, to guarantee plant
sustainability, it is important that they do not present potentially harmful traits for ecosystems
and human health, such as invasiveness and high-allergenic compound production [46]. An
important strategy to cope with the adaptability and sustainability problem is to recur to wild
or traditionally used populations, diffused in areas with environmental conditions similar to
those of the destination of interest. This is a key factor because, generally, these accessions are
resilient to the biotic and abiotic stress typical of their diffusion area [47,48]. In addition, not
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or lowly genetically improved populations present a higher genetic variability in comparison
to commercial varieties, allowing to have a wider range of alleles to be drawn on for the
specific breeding aims. From this point of view, the creation and maintenance of germplasm
banks containing wide collections of plant material (seeds or plants conserved in vivo, in vitro
or cryo-conserved) derived from wild populations and local varieties is a strategy of great
relevance for having a continued availability of genotypes with useful traits [49,50]. With regard
to germplasm collections, it is important to point out that presenting a high genetic variability
also means an increase in the possibility of having in the selected genotypes alleles linked to
undesirable or even harmful traits, e.g., the susceptibility to a pathogen or the production of a
toxic compound. These alleles can segregate with traits of interest (linkage drag), therefore,
during the breeding process, careful work of selection against them is necessary [51–53].

To analyze more in detail the adaptability of plants to the environment, the subsequent
sections provide a specific discussion about two of the most impacting abiotic stresses in
urban areas as examples, high temperatures and drought, in addition to the pathogen stress.

3.1. Abiotic Stresses: Heat and Water Stress

In urban areas, the average temperature can be recorded as up to 10 ◦C warmer than
the surrounding rural areas due to impervious surface cover, anthropogenic heat sources,
and low vegetation cover. Warmer temperatures increase vapor pressure deficits, creating
a greater atmospheric demand for water via transpiration and reducing soil moisture,
which limits the amount of water available to roots. In addition, heat stress negatively
influences plant physiology as a consequence of protein damage, enzyme inactivation,
photosynthesis inhibition, cell membrane deterioration, cell division interruption, and
disturbance of reproductive phases [54–56]. Heat stress responses include the involvement
of heat shock proteins (HSPs), which have a chaperone function, hence assisting the correct
conformational folding of misformed proteins and helping in damaged protein movement
and degradation [57]. In recent years, the molecular bases of high-temperature defense
have been studied in the species of greatest horticultural interest and potentially usable in
an urban context, including tomato (Solanum lycopersicum L.) [58,59], lettuce (Lactuca sativa
L.) [60,61], spinach (Spinacia oleracea L.) [62,63], identifying specific transcription factors
(heat stress factors—HSFs), HSPs or molecular markers related to them. Considering
ornamental species, analogous results were obtained with Rododendron hainanense Merr. [64]
and carnation (Dianthus caryophyllus L.) [65]. However, the use of molecular markers
associated with HSPs or HSFs for breeding aims has received little attention outside of
cereals. In chili pepper (Capsicum annuum L.) a study reported the introgression of two
genes encoding HSP70 and HSP24 from a heat-tolerant breeding line to an elite commercial
variety using markers and backcrosses with the ladder, without genetic transformation.
For the tolerance-related gene selection, a MAS approach was conducted with two markers
that were closely linked to the genes; while for the recovery of the recurrent parent line’s
genome, to obtain the agronomic traits of interest, a MAB strategy was followed with a set
of 250 paired SSRs [66].

An increase in global warming leads to enhanced evapotranspiration, reduced rainfall,
and consequent water stress [67,68]. The resulting water shock for plants can also be a
serious issue for urban cultivation. The solution cannot consist of more frequent irrigation
due to a need in reducing water withdrawals for agriculture and in ensuring the supplies
of this limited resource all over the world in the future [69]. To select plant species and
to develop drought-tolerant varieties, hence requiring minor irrigation, it is important to
identify the correct traits of interest, since resorting to the right phenotyping strategies can
be onerous, and resistance mechanisms are plentiful and well-differentiated among species
through evolution [70,71]. An important drought-resistance plant type is represented
by xeromorphic succulent species, such as Cactaceae, Orchidaceae and Bromeliaceae, which
endure hydric deficiency through water-storing tissues with high vacuoles (hydrenchyma),
the CAM (Crassulacean Acid Metabolism) carbon fixation pathway, or waxes and cuticles
on the top page of leaves [72]. These plants are often used in urban areas for ornamental
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purposes; hence, the introduction of breeding programs for these non-genetically improved
species can be an interesting choice for breeders. For other plant types, traits of interest for
drought tolerance comprehend high leaf mass per area unit, leaf thickness, unit leaf area,
and leaf water potential at the turgor loss point [20,73–76]. In addition to morphological
parameters, biochemical analysis of the osmoprotectant content has assumed importance if
used as metabolic markers, as well as assays for the enzymes and proteins most involved in
signaling drought and other abiotic pathways related to stress response, such as superoxide
dismutase (SOD), ascorbate peroxidase (APX) or LEA proteins [77]. Often, morphological
and physiological responses to water deficiency are in common with those for other abiotic
stresses, mainly derived from heat, salinity, and coldness, but in other cases, they can be in
opposition. For example, a high accumulation of proline can protect against wilting but
can also lead to toxic effects in the presence of high temperatures [70,78]. Hence, attention
to these possible relations must be paid if the goal is plants’ genetic improvement for
multiple sources of stress. To date, the genetic bases of water deficiency tolerance have
been investigated through genomic, transcriptomic, and metabolomic approaches also in
species of the greatest horticultural interest but suitable in urban areas [48,79–82], and in
sunflower [83–85]. This led to the identification of QTLs (Quantitative Trait Loci), single
genes, specific sequences such as miRNAs, or genome-wide marker collections potentially
related to drought traits.

3.2. Pathogen Stress

Developing plants able to resist pathogens is a very important goal for breeders since
biotic stresses are among the main limiting factors for world agriculture [25,86–88]. In addi-
tion, there is a need to reduce the use of harmful pesticides [89–92], an important aspect,
especially in urban areas where human presence is considerably high and where people
are more likely to come into contact with treatment residues that pollute the environment.
Compared to other traits, pathogen resistance was more often found to be controlled by a
single gene than by multilocus interactions. Qualitative resistances are mostly inherited
dominantly; they concern biotrophic pathogens and are effective only against particular
races of pathogen species [93]. This monogenic inheritance has allowed the fixing of the
trait in many varieties of species commonly found in urban areas using traditional breeding
methods, but the main issue remains that the durability of the resistance is low: fungi,
oomycetes, bacteria and viruses can rapidly mutate in the gene coding for the product
recognized by the host, making plants return susceptible. In addition, resistant plants exert
a selection pressure that favors virulent mutations in pathogens [94–96]. Consequently,
the time required for traditional breeding is often too long to provide new resistant vari-
eties before pests adapt to the current ones. Possible methods to overcome this problem
include the use of multiline cultivars, in which every line presents different resistance genes
(R genes) [97], combined with the pyramiding approach, which consists of the transfer
of several R genes into the same plant [98]. MAS can be very helpful in facilitating the
R gene transfer from wild or local populations, often presenting resistance as showing
adaptation to the environment, to the commercial lines and hence reducing breeding times.
Many diagnostic markers are available for the horticultural species of highest commercial
importance, such as tomato (Solanum lycopersicum L.), and they are currently used in pri-
vate breeding programs (reviewed by Foolad and Panthee [99], Lee et al. [100], Bhardwaj
et al. [101], Simko et al. [20]). On the other hand, it is rare for pathogens to adapt in a
short time to quantitative resistance, but it is also true that this kind of plant resistance is
often difficult to introduce into commercial varieties, even by using MAS. This is because
quantitative resistance has been shown to be dependent on a great number of QTLs, each
with a small effect [20,97]. A modern tool that could be helpful in future breeding programs
for quantitative traits and particularly for pathogen resistances is genomic selection (GS). It
refers to the exploitation of high-density molecular marker collections (produced exploiting
the modern NGS technologies and mapping approaches such as GBS), with statistical
models to predict the breeding value for complex traits of interest [102,103].

307



Horticulturae 2022, 8, 761

3.3. Limited Surface Availability

The surface availability, often limited, may be the most important aspect influencing
the subsequent genetic improvement programs of the chosen cultural typology. This aspect
is not always transversal for all habitats since it strongly depends on the subarea considered
and is specific to the different cultural typologies: for example, the surface can be high
in an urban park, medium in an urban garden and/or roadside/traffic islands, and low
in the roof/terrace/balcony context. In urban parks, it is possible to plant those species
that have high dimensions of aerial parts and roots, such as arboreal ones; however, in
roadsides, traffic islands or buildings’ terraces and balconies, the choice is more oriented
toward plants able to grow in limited surfaces and, consequently, toward the selection of
varieties with limited size [104,105].

To reduce the typical large sizes of trees, dwarf rootstocks were selected for the
orchard species of greatest interest [106–108], with dwarfism being linked to reduced
levels or perception of gibberellins (GA) and brassinosteroids (BR). Hence, genes related to
the biosynthesis, and signaling of these phytohormones, in particular, the Wound-induced
Receptor-like protein Kinase (WRK) and NAC transcription factors [109,110], are of main
interest. An additional aspect that should be considered when developing varieties suitable
for tight places is the growth habit. Indeed, also in the case of plants presenting dwarfism,
great development of lateral shoots would require additional horizontal space, thus limiting
the plant density. Studies on shoot architecture have allowed, for example, to characterize
the LAZY1 gene, which is involved in the transport and signaling of auxins, promoting
the upward orientation in shoots and the narrowed angles in branches [111,112], or the
Tiller Angle Control 1 (TAC1) gene, which induces the outward orientation in branches [113],
or genes, e.g., WEEP, leading to a weeping growth habit [111,114,115]. In addition, it
is important, mainly on roadsides, to select plants in relation to the architecture of the
underground parts. This is not only to facilitate nutrient uptake and to limit competition
between plants, but also to avoid the risk of ruining and deforming the soil surfaces because
of overgrown roots, which is a major issue in many cities’ road management [46,116,117].

Because of their generally small dimensions, the herbaceous plants for meadows and
turfgrasses can be suitable for several surface availabilities, including buildings. Moreover,
given the possibility of walking on them, the use of these species does not prohibit addi-
tional uses of the occupied space. The plant varieties that are the most selected for these
uses generally belong to species of the Poaceae family and can be pure or derived from
interspecific hybridizations [118]. Among the most common microthermal species, Lolium
perenne L., Poa spp., Agrotis spp., and Festuca spp. can be found, while among macro therms,
Buchloe dactiloides Nutt., Cynodon spp., Eremochloa ophiuroides Munro, and Paspalum vagina-
tum Sw. are present [119]. Traits of interest for turfgrasses varieties selection regard leaf
fineness, rapidity in covering the surface, tolerance to trampling and mowing, slowness in
sprout growing, and aesthetic aspects such as greenness and covering uniformity. Breeding
programs regarding the species destinated for this use started in the 1970s and until today
were carried out with continuous selection schemes, tests of progenies and intercrosses
between the best-performing genotypes. For warm-season grasses, selection programs
have been dominated by clonal propagation because stolons are easy for most species and
interspecific progeny sterility is common [120]. Advances in genetic improvement have
been relevantly focused on reducing the turf height increment rate, in finessing leaves,
in wear tolerance, in environmental adaptation to different conditions and in crown-rust
resistance. In contrast, the improvements that remain to be achieved are related to tolerance
to other diseases, the preservation of greenness in winter and summer, and ground cover
rapidity, all traits that seem to have high plasticity determined by genotype per environ-
ment (G × E) interactions. Sampoux et al. reported that the selection of plants to lessen
the growth rate has probably limited the availability of the genetic resources necessary to
improve the ground cover velocity and winter greenness [121].
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4. What Are the Achievable Goals with the Help of Genetics?

Anthropogenic activities lead urban environments to be affected by many ecological
issues of different natures, starting from pollution, which has an impact on soils as well as on
water and air [122–125]. Plants, in addition to withstanding environmental conditions and
not contributing to pollution, can directly reduce the contamination already present and in
general provide ecosystem services that, consequently, improve the environmental state and
human health [126,127]. The ability to offer a beneficial effect on the territory is an aspect
of great interest for urban contexts that should be considered in breeding programs and
urbanistic management [123]. Indeed, the setting of green areas can improve slope stability
reducing erosion [128], it can favor faunal resettlement enhancing biodiversity [129], and
can reduce rainfall water surface runoff favoring infiltration into the soil [130]. In addition,
it has been demonstrated that plants can limit the phenomenon of urban heat islands
by mitigating thermal changes, by increasing evapotranspiration, shadowing, radiation
reflection and moisture traps, hence saving energy used for cooling [131,132], keeping
lower noise pollution [133] and reducing the CO2 emissions absorbing the gas through
leaves [134]. Another important aspect influencing the choice of a precise cultural species
for specific purposes is the ability to provide plant products, particularly food, and their
intended use, whether commercial or for private self-consumption. Strongly related to
this last factor, surface availability is above the main determinants that can influence
the possibility of having an adequate level of productivity. This is in general the largest
bottleneck, as space in urban areas is often very limited and indirectly forces specific use
choices and selection priorities [104]. Last, although it is not a primary concern for genetic
selection plans, the supply of the psychosocial benefits that are derived from the creation of
green urban spots assumes an important role in cities, where the high human presence and
the reduced availability of cultivated areas are typical [135].

4.1. Phytoremediation

Regarding the causes of pollution in urban areas, the major responsibilities are heavy
metals, such as cadmium, lead and zinc, mainly found near roads [136], and organic
compounds, such as petroleum hydrocarbons (PHCs), polycyclic aromatic hydrocarbons
(PAHs), chlorinated solvents, explosives and polychlorinated biphenyls (PCBs) [137–139].
For a long time, it has been known that several woody and herbaceous ornamental species
are able to reduce the presence of these molecules in the environment, a process that is
called phytoremediation, with methods including the accumulation (phytoextraction) or con-
version to harmless forms (phytodegradation) of pollutants [140]. The higher dimensions
allow woody plants to absorb larger quantities of pollutants by roots and from deeper
soils. In contrast, herbaceous plants can be used in small spaces and can be replaced
more frequently, which is a useful aspect to avoid the risk of dispersion of the absorbed
pollutants [141]. Instead, more difficulties can be seen in the use of food plants for phy-
toremediation, unless in the case of total contaminant degradation or if the accumulation
occurs in completely separate organs from those related to commercial products. Regarding
woody plants, species of the genera Populus and Salix are the most interesting for phytore-
mediation. Nevertheless, other species, such as Ailanthus altissima (Mill) Swingie, Betula
pendula Roth, Carpinus betulus L., Platanus × hispanica Mill. Ex Muenchh. “Acerifolia” and
Robinia pseudoacacia [142], have been recognized as promising choices for phytoremediation
purposes, although in some cases, as for Ailanthus altissima, some of their physiological
properties make them invasive species. Among herbaceous ornamentals for which the
capacity of pollutant presence reduction has been assessed, there are Dianthus chinensis L.,
Impatiens balsamina L., Portulaca grandiflora Hook., Portulaca oleracea L., Tagetes spp., and
Vinca rosea L. [141]. Although many suitable species for phytoremediation in urban areas
have been selected, genetic improvement programs, including phytoremediation capacity
as a trait of interest, have not yet been carried out with either classical or MAB approaches.
Important information on the molecular bases has been obtained in the model species
not employed in urban areas Arabidopsis and rice, identifying several responsible genes
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of heavy metal uptake, translocation, vacuolar sequestration, and genic regulation [143].
Using nontransgenic techniques, in rice genotypes with mutations in genes related to this
aspect were identified after irradiation with mutagenic agents, and varieties of this cereal
were selected with MAB methods only for low accumulation of cadmium or arsenic to
avoid the risk of toxic molecules’ presence in the edible products [18,144,145]. Nonetheless,
these goals highlight the potential of using the same approaches to the opposite objective,
hence, to obtain consistent heavy metal accumulation, and to extend this methodology also
to plants suitable for urban areas. In addition to high toxic molecule uptake, accumulation,
and degradation capacity, other traits of interest for future plant breeding programs for phy-
toremediation are size, surface and architecture of roots. They ideally would be designed
to have the maximum pollutant interception capacity, given space restrictions and without
incurring the risk of soil failure, especially along roadways [46]. Another important factor
to consider in breeding varieties destinated to phytoremediation is avoiding the return
of the absorbed pollutants to the environment. Therefore, for species that accumulate
pollutants in their leaves, selecting genotypes without leaf scattering can be relevant [141].

4.2. Air Purification

The removal of CO2 and gaseous pollutants, such as carbon monoxide, ozone and
nitrogen dioxide, is performed by plants through interception by their stomata, while
particulate matter (PM10 and PM2.5) adheres to leaf surfaces with the aid of wind currents,
where it is then absorbed [146,147]. The effects of plants in reducing atmospheric pollution
in cities were studied, demonstrating their potential, particularly that of trees, in improving
air conditions [148,149]. It has been reported, for both woody and herbaceous species, that
plants with a high presence of leaf hair or wax cover are the most performant in capturing
PMs [150,151]. Indeed, wax layers facilitate PM adhesion, while hair greatly extends the
surface available to intercept composts, a factor influenced also by leaf morphology, leaf
area index (LAI), and, in general, aboveground parts’ sizes. Leaf fineness and porosity
are also important to favor air movement through the structure without being thrown
away. In addition, the maintenance of the leaves for the entire life cycle is relevant to
always guarantee pollutant removal services; hence, choosing deciduous trees can be
limiting [46,152]. Finally, another aspect to consider is the single species’ susceptibility
to pollutants. In fact, there are plants, such as some conifers, that are evergreen and very
efficient in particulate absorption, due to their complex shoot spatial structures, but they
are also particularly susceptible to these pollutants, making them possibly unsuitable for
the most polluted urban areas [122,148,150]. The reported traits are very interesting in
species selection and genetic improvement for air purification purposes. Among the most
performative woody and shrub species, Albizia julibrissin Durazz., Betula pendula Roth.,
Cinnamomum camphora (L.) J. Presl, Nerium oleander L., Pinus mugo Turra, Pinus sylvestris L.,
Stephanandra incisa (Thunb.) Zabel, Taxus x Media Rehder, and Taxus baccata L. have been
considered for their air pollution tolerance and PM absorption capacity per leaf surface
unit [150,153]. As previously reported, despite their small dimensions and their low unit
absorption of pollutants, herbaceous plants have anyway raison d’être, considering the high
plant density for a given surface and the possibility of coupling them with trees, allowing
for a synergic effect due to the absorbance of harmful molecules at different height levels
and of different types [46]. As potentially interesting herbaceous species for PM removal
from the atmosphere, Sisymbrium loeselii L., Polygonum aviculare L., Convolvulus arvensis L.,
Chenopodium album L., Achillea millefolium L., Berteroa incana (L.) DC., and Galinsoga parviflora
Cav. have been reported [151].

4.3. Improving Soil Stability

Soil erosion, especially on slope surfaces, is a well-known issue in urban environments
and is favored by high compaction and limited drainage capacity. This phenomenon induces
hypoxia, water runoff and flooding, and increases the risk of landslides that are potentially
dangerous for viability and construction [154,155]. Plants can improve soil stability mainly
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through the root system, which helps in several ways, such as by anchoring the ground
to provide physical support, creating additional pores for oxygen and water infiltration,
or supplying organic matter, which induces stable aggregate formation [156–159]. Hence,
species must be selected and varieties developed researching high root dimensions, number
and stiffness, as useful traits to support the soil because of hardness and tensile strength [160].
Regarding growth habits, roots that grow parallel and close to the surface improve the soil
in-plane tensile strength, while roots penetrating deeper and perpendicular to the surface en-
hance shear strength [161]. However, it is not possible to determine the best habit regardless
of soil conditions: in the case of rocky slopes with limited soil availability, plants with superfi-
cial root systems must be rewarded; in contrast, if there are adequate soil depths, deeper roots
guarantee more stability, and hence, plants having them should be preferred [158]. Attention
must also be paid to the canopy, which is important to avoid erosion by rainfall water. High
leaf area, elevated branch presence, dense and compact growth habits allowing high plant
density can lead to homogeneous soil cover, intercepting more water and gradually reaching
the soil. In this context, as already reported, focusing not only on trees but also on turfgrass
and shrub selection can be interesting, since different vegetation types, when combined in
the same place, can provide synergic benefits, such as multiple levels of canopy to intercept
water at different heights [162]. Not including Poaceae, the available literature evaluating
suitable species for erosion control, such as Lantana montevidensis (Spreng.) Brinq., Lavandula
lanata L., Origanum vulgare L., Rosa abyssinica R. Br. ex Lindl., and Rosmarinus officinalis L.,
were reviewed by Francini et al. [163].

4.4. Food Production

Plants grown with food productive aims must be subjected to different standards if
their production is for commercial purposes, in the context of farms, or if they are intended
for self-consumption, as in the case of public spaces and private gardens cultivations.
In the first case, it is more important to develop cultivars selecting them for their yield
amount and specific qualitative aspects related to products’ shelf life and subjection to
food processing [164–166]. Many breeding plans focusing on crop productivity have been
carried out during the last century by means of conventional methods. Recently, genomic
information about coding regions related to production traits and associated molecular
markers has become available, particularly in horticultural species [167–169]. This can help
breeders enhance the constitution of modern varieties. Compared to productivity traits,
factors such as low maintenance requirements, environmental benefits, and decorative
aspects are of greater interest in horticultural species to be used in home gardens or
public urban spaces than in urban commercial farms [170]. Currently, there is no evidence
that horticultural cultivars destinated for self-consumption are genetically different from
those employed in farms, hence there is a need in developing the former by rewarding
specific traits.

As previously reported, even more in the case of commercial destinations, surface avail-
ability can be the most limiting factor in planning an urban plantation. Strategies such as
vertical farming, possibly coupled with artificial lights and soilless cultivation systems, could
provide solutions to obtain an adequate product quantity for farms while limiting the surface
needs [171]. Instead, not having high production level requirements, the possibilities to use
horticultural plants are greater when considering private and community gardens, also ex-
ploiting simple growth systems such as pots and planters. In any of the mentioned cases, it is
important to adopt small-sized plants in terms of roots, shoots, or low lateral growth. For the
most important horticultural species, selections for dwarf or compact phenotypes have been
made. As an example, in tomato (Solanum lycopersicum L.), which is one of the most cultivated
horticultural crops worldwide, bush varieties with determinate growth were selected and are
some of the most common cultivar types on the market [172–174], even if breeding programs
mainly focused on enhancing yield, abiotic and biotic tolerances, product shelf life, organoleptic
properties and nutritional values [99,175,176]. A cultivar that combines small-sized mutations,
SP (SELF-PRUNING), d (dwarf ) and mnt (miniaturize) [177], is represented by Micro-Tom, which
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has attracted much attention as a model phenotype for plant studies, as it reaches 10–20 cm
in height, has a short life cycle with fruits suitable for harvesting 70–90 days after sowing,
and bears plant densities up to 1357 plants/m2 [178]. Even if it was originally bred for home
garden purposes [178,179], the Micro-Tom variety is now commonly used in laboratory appli-
cations for dwarfism studies, as it is particularly suitable to be transformed [180] and to study
its possible application for cultivation in space vehicles [181,182]. Crosses between dwarfed
varieties and others characterized by high sensory qualities of the products (i.e., sweetness) can
represent a possible solution to combine the organoleptic characteristics with little dimensions,
as demonstrated by Scott et al. [183].

Regarding innovative indoor production systems, such as vertical farming, soilless
cultivations and plant factories with artificial lighting (PFALs) [171], the breeding pri-
orities strictly differ from outdoor systems. The controlled environments make plants
less affected by pathogens and pedoclimate conditions, allowing stress resistance to be
of minor importance [184]. On the contrary, high productive capacity in quantitative and
qualitative terms under low light intensities or specific wavelengths can be of primary
importance, being the energetic costs a big limit for artificial lighting systems [185,186].
Light-related aspects, such as photoperiod, also influence several phenological stages,
such as stem elongations and flowering. Hence, developing genotypes responsive to
specific manipulation of these factors can lead to advantages such as shorter productive
cycles, better harvesting synchronization, and growth habits suitable for the growth sys-
tem spaces [186,187]. For the obtainment of food products derived from insect-mediated
fertilization, the settle of pollinators is often conducted opening the growth environments,
hence enhancing the risk of pathogen introduction. For this, it can be of interest for the
plant species involved, to develop apomictic cultivars, i.e., able in producing fruits without
requiring fertilization [188,189].

4.4.1. Leafy Vegetables

Aiming at exploiting limited urban spaces for commercial food production or pri-
vate consumption, high attention should be given to leafy vegetables, which can provide
food products needing on average less surfaces and in shorter times compared to fruit
species [184,190,191]. A commercial typology of great interest nowadays and for which
leafy vegetables are the most popular cultures is fresh-cut production. It consists of fruits
or vegetables which have undergone minimal processing after harvest (e.g., trimming,
washing, decontaminating, packaging), in order to provide ready-to-eat products main-
taining their fresh state. The main issue, being the processing made before passage to the
distribution chain, is the higher perishability compared to non-fresh-cut products [192].
The leafy vegetables most commonly used for fresh-cut production are spinach (Spinacia
oleracea L.), kale (Brassica oleracea L. var. acephala D.C.), salad rocket (Eruca sativa Mill.),
wild rocket (Diplotaxis tenuifolia L.), corn salad (Valerianella locusta L.), chicory (Cichorium
intybus L.), curly endive (Cichorium endivia L. var. crispum), and lettuce, especially looseleaf
varieties (Lactuca sativa L. var. acephala) [193,194]. To date, lettuce is the most popular
species also in vertical farming [195]. In the last decade, breeding for fresh vegetables was
mostly based on improving yields and postprocessing performance in terms of shelf life,
leaving other aspects to lower priority, such as biotic and abiotic resistance. Moreover, the
attention was focused mainly on tolerance to high plant density and hypoxia, post-cutting
recovery ability, low core length, solid midrib and good organoleptic and nutritive pro-
files [192,196,197]. To select cultivars with less browning susceptibility after cutting, the
use of browning activity-related enzymes and volatile molecules responsible for off-odors
as metabolic markers have been proposed [196]. The market increment of the ready-to-eat
products allows farms to harvest leafy vegetables at a very early maturation stage, even
further reducing the crop cycle, strongly enhancing the sown density and obtaining higher
yields per surface unit [194]. Baby leaf lettuces such as Green Leaf, Red Leaf, and Lollo
Red, hence cultivars particularly suitable in providing quality products in a very limited
growth time, have been developed and demonstrated to be better than whole-head lettuce
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in terms of harvest index, simplicity of being processed, oxidation after cutting reduction
due to smaller stem diameter and appreciation by consumers [198]. Developing new baby
leaf varieties can be very interesting to farms but also to private urban gardens for their
cultivation in pots and planters, especially in balconies and other tight spaces.

4.4.2. Edible Flowers

Innovative food production species suitable for urban areas, whose products are hav-
ing a continuously increasing commercial interest, are edible flower plants [174]. Edible
flowers present innovative and original organoleptic characteristics and can be highly
nutritive for their nutraceutical values, such as the elevated content of health molecules
such as antioxidants, e.g., flavonoids, phenolic acids, and alkaloids [199]. Flowering plants
are already one of the first choices for small spaces in cities due to their high aesthetic effect,
but species able to provide edible flowers can combine ornamental value with the supply
of innovative food products. These species include begonia (Begonia x tuberhybrida Voss),
rose (Rosa spp. L.), chrysanthemum (Chrysanthemum spp. L.), pansy (Viola × wittrockiana
Gams), lilac (Syringa vulgaris L.), elder (Sambucus nigra L.), and Japanese wisteria (Wiste-
ria floribunda (Willd.) DC.) [200,201]. Breeding of flowering species has focused almost
uniquely on quantitative, morphological, and aesthetic aspects of flowers [45], aside from
biotic and abiotic stress tolerance. Good values for these traits were mainly reached using
hybridization, also the interspecific trait, followed by vegetative propagation of the most
performative individuals [202,203]. This has made the genetic background of varieties
highly heterozygous and, in some cases, allopolyploid or aneuploid. The genomic complex-
ity, coupled with a relatively low economic importance for single species in comparison
to that of open-field crops, led to severe difficulties in molecular marker development
attempts and hence in starting MAB programs [202,204]. However, in recent years, the
advent of NGS technologies has made it possible to obtain whole-genome sequences or
high-density linkage maps for the most important ornamental species, providing powerful
tools for future genomic-based breeding applications [205–208]. Regarding edible flower
plants, the biochemical characterization of products was made for the most important
species [209–211], but there is no evidence of genetic improvement programs for the obtain-
ment of high organoleptic and health-related molecules content as selection criteria, which
can be detected with the use of specific assays or analyzing molecular markers linked to
genes controlling these aspects. The improvement of these traits in cultivars, coupled with
that of products’ shelf life, with flowers being particularly delicate and their appearance
preservation being significantly important, is a key factor in promoting edible flower plant
diffusion in cities [200].

4.5. Biodiversity Conservation

Urban environments are known to be characterized by low levels of biodiversity,
and the increase in urbanization inevitably leads to a reduction in the variability of life
in ecosystems [212]. On the contrary, the setting of green areas plays an important role
in conserving and also improving biodiversity, favoring the resettlement of wild plants,
enhancing their local genetic diversity [213], and providing the right habitat for many
animal species through the supply of suitable places for nesting and sheltering or to find
food sources [214]. Improving biodiversity can positively influence the ecosystem services
provided in the long term, strengthening the resilience to environmental changes [215].

One of the most endangered animal categories in cities without plants is that of
pollinating insects, being nectar and pollen primary sources for their sustenance [216,217].
To set plants in green spaces capable of attracting insects, first, it is important to focus on
allogamous species with entomophilous pollination. Flower ornamental plants are the
most effective, given the attractiveness they have to pollinators due to their flowers. Traits
to be considered in plant breeding programs for developing varieties aimed at enhancing
insect biodiversity comprehend flower size, morphology, color and scent, pollen and
nectar production quantity, and flowering period longevity [129,218,219]. An important
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aspect on which many studies have focused is the role of native plants in attracting insects
in comparison to exotic species, but researchers have not reached a consensus on the
matter [220]. The traits reported can be good indicators of insect resettlement, but to assess
the potential of a variety in improving pollinator biodiversity in a specific environment, it is
necessary to count and recognize flowering-visiting individuals for a few years. Garbuzov
and Ratnieks [129] evaluated the ability to attract pollinators of 32 garden flowering plant
varieties, counting them over two summers in different experimental gardens in Sussex.
They noted that Agastache foeniculum (Pursh) Kuntze, Lavandula x intermedia Emeric ex
Loisel. var. Gros Bleau, Edelweiss and Hidcote Giant, and Nepeta x faassenii Bergmans ex
Stearn var. Six Hills Giant are the most performant plants for the aim. Although works on
varietal improvement related to this aspect are not available in the literature yet, providing
traits of interest and putative suitable species can favor their insertion into plant breeding
plans aimed at enhancing biodiversity.

Despite the setting of green species is in general linked to biodiversity enhancement
in an urban area, if it regards the introduction of alien plants, there is a risk of negatively
influencing the ecosystem balances due to the risk of invasiveness. In fact, specific traits of the
introduced varieties or species can make these plants not only problematic for environmental
management as a consequence of their high spread but also predominant in the hoarding
of limited resources. This confers them a major fitness advantage in comparison to native
plants, reducing the survival possibilities and the reproductive success of these last [221,222].
The competition effect can influence the present biodiversity at the interspecific level, but it
may be accentuated at the intraspecific one, likely because of the more probable sharing of an
ecologic niche between the introduced varieties and autochthonous populations of the same
species [223]. There is a wide range of genetic traits that can make the plant invasive, and
they differ depending on species and environment characteristics. However, they generally
present a greater capacity for growth under specific environmental conditions (expressible
with parameters, e.g., relative growth rate, leaf area index, earliness in blooming, root system
development capacity), reproductive and dispersal efficiency (e.g., seed production, flowering
duration, seed dispersal distance) [224,225]. These factors often match with traits of interest;
hence, it may be not possible to completely avoid the risk of enhancing the invasive potential
of selected plants in breeding programs. Another important aspect that can reduce biodiversity
in the case of non-native plant introduction is related to intraspecific or interspecific hybridiza-
tion. In fact, progeny generated through crossing between the introduced plants and native
populations of the same species or of compatible species have more chances than the parental
lines in presenting competitive traits and become invasive, due to higher genetic diversity,
heterosis, trait fixation or trait novelty [226–229]. Therefore, if the fertilization rate within native
populations is lower than that between native plants and non-native plants or hybrids, the
survival of the former is threatened. Regarding ornamentals or species for which reproductive
capacity is not of interest, a possible strategy to counteract this risk is to develop sterile varieties,
such as exploiting odd ploidy levels, canceling their possibility of colonizing the surrounding
environment [230].

4.6. Psychosocial Benefits

Finally, other important services supplied by green urban areas are the psychosocial
benefits derived from their establishment. The sense of being in contact with nature due to
the presence of plants in the surrounding environment indeed has several psychological
effects on urban communities. For example, making people feel more relaxed and restored,
enhancing social cohesion, and improving fitness through the promotion of outdoor physi-
cal activities as well as improvement of health through the reinforcement of the immunity
system [135]. In general, it is very difficult to define which of the plant traits are useful to
provide specific psychosocial benefits to urban communities, but it is known that visual
factors such as flower color, morphology, and sizes, as well as the emission of scents, are
appreciated not only for their decoration potential but also because of their contribution to
the perception of higher psychological well-being. This regards most of all flowering orna-
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mental plants, for which these traits are some of the most researched in current breeding
programs [45].

5. Summary and Outlook

The first real difficulty of an urban context lies in the definition and list of diversified
typologies of green spaces coexisting often in neighboring areas, created with purposes
ranging from niche food production to pure ornamental appearance. For these reasons,
a simplification of the system itself, with the definition in macro areas, is of primary
importance to focus the attention on the various factors characterizing and influencing
such environments. As mentioned in the above sections, genetic/genomic approaches have
largely contributed to the development of improved varieties with resilient traits of interest,
and the use of molecular markers has amply demonstrated its potential, making it one of
the most useful predictive tools in genetic improvement, not only for major plants or in
crop science. In fact, in the post-genomics era, there is a striking abundance of genomic
resources, such as genome sequence assemblies, germplasm sequencing data and gene
expression atlases, for species potentially employed as urban vegetation [14].

This review is intended to evaluate the potential genetic aspects that must be consid-
ered in a breeding program for varieties or species to be grown in an urban context. These
characteristics must take into account both the adaptability of the plant to the specific area
where it must grow and to the purposes for which it is used. As suggested by Henderson
and Salt [231], studies on biodiversity, for example, through the genetic characterization
of plant germplasm collections and a correct hierarchy of selectable physiological and
environmental parameters, can provide a potential genetic resource from which to appeal
for targeted planning. Generally, the selection and use of favorable effect alleles in breeding
programs are required to enhance genetic variance and to improve the rate of genetic gain
in all environmental landscapes, but even more so in an urban scenario, an integrated ap-
proach is required to realize genetic gain through the modernization of breeding programs.
Thus, in such a context, the appropriate choice of parents and optimized breeding pipelines
for the fixation of target alleles present potential ways to enhance breeding efficiency and
developing modernized breeding programs will help realize higher genetic gains in urban
contexts for developing climate changes-resilient species.

Furthermore, a research improvement in the horti-floricultural sector with new va-
rieties to be entered into the urban market can lead to a boost in socioeconomics that
encourages the spread of vegetable, flower, and ornamental species in public and private
spaces, with particular reference to environments where the presence of vegetation has so
far been limited. In addition, as previously described, it turns out to be an investment in
terms of reduction in greenhouse gas emissions and pollution, enhancement of territorial
biodiversity, protection of ecosystems, etc. More efficient development of plant varieties
can also promote breeding and nursery companies, leading them to increase and diversify
the range of products and initiate innovative genetic progress plans. The certification of the
products obtained through registration in the official variety registers also guarantees the
economic benefit, certifying the intellectual property and safeguarding against fraud.

In conclusion, as summarized in Figure 2, the characterization of the urban vegetation
with the best genetic profiles represents the new green challenge in urban planning to have
the right genetics in the right place. A simplification and hierarchization of the main aspects
that characterize an urban context, such as the surface availability, productive destination,
adaptability, sustainability, and benefits contribution (details are reported in the text),
play a key role in a breeding program. The identification of more appropriate starting
genetic resources, by phenotype collections and physiological traits, is fundamental for the
identification of appropriate traits/donors/parents and subsequent crossing programs. The
potential application of molecular MAS and MAB and computational tools for performing
genetic and/or genomic-assisted selection. Data generated through these trials can be used
in the selection of specific leader alleles that can be introduced in species improvement
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programs for the constitution of new varieties that respond in a more targeted way to
different needs in an urban area.

Figure 2. Graphic overview of genetic resource exploitation for plant breeding in urban plans.
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Abstract: Ornamentals are the most diversified products and fast-changing industry of horticulture.
A new flower and ornamental plant market scenario is developing: remarkable opportunities are
emerging, but more efforts are required by both public and private stakeholders to seize them and
assure a high-value positioning. Our paper aims at filling the gap in the availability of integrated
data sources and structured theoretically sound studies on new consumption trends, marketing
strategies, and governance settings. Specific objectives are: identifying an innovative ornamental
horticulture market data framework; evidencing evolving dynamics of competition in Europe and
necessary adaptions of public and private action; defining a new action-research agenda, capable
of stimulating the interest of businesses, researchers, and institutions. In terms of methodology, we
carry out an innovative integrative review analysis of the wide and most reliable grey literature and
statistics, using a comprehensive approach. Results show the emerging consumption dynamics and
high-value consumer profiles characterizing the European market, expected to significantly expand
and transform, according to the impact of globalization, climate change, urbanization, digitalization,
and the affirmation of neo-luxury and sustainability-oriented consumption patterns. The evolution
of marketing strategies and governance settings is also highlighted, together with the necessity of
developing and integrating public and private initiatives for realizing high-value sustainable and
transparent production systems and supply chains. Accordingly, relevant action-research directions
are described. These findings are expected to improve the current debate on the competitiveness of
the European ornamental industry and contribute to taking a step towards a synergic combination of
new differential advantages and wider sustainability goals.

Keywords: market competition; consumer dynamics; market niches; high-value positioning;
management approaches; collaborative governance; supply chain; quality products; origin;
sustainability transformation

1. Introduction

Ornamentals are the most diversified products and fast-changing industry of horti-
culture [1]. They include a very big and hugely diverse group of whole plants or parts of
plants that are grown usually for decorative purposes [2]. Building on Oxford Economics
(2018) [3], we define Ornamental Horticulture as the set of the different sectors engaged in
the ornamental horticultural activity: from firms that grow ornamental plants and flower
to manufacturers of garden equipment and supplies, to the wholesalers and retailers, as
well as floral designers and landscape and arboriculture professionals.

Nowadays, the world ornamental sector is characterized by a significant expansion of
both production and consumption, that underpins the growth of international trade and
globalization [4–8]. Consequently, major country markets have increased their interdepen-
dency and permeability. Accordingly, both flowers’ and plants’ supply and demand have
increased their seasonality and mutability and caused higher volatility of prices [9,10].
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From a global perspective, Europe represents one of the main markets for ornamentals,
and it is expected to register, over the next decade, one of the highest performances of
growth of both production and consumption, in line with the development of other mature
producer countries, such as China, Japan, and North America [5,6,9].

Noteworthy, current expectations of the European ornamental demand have evidenced
a perspective of unprecedented increase in purchases and price premiums, considering both
private and institutional market segments [8,11,12]. As a matter of fact, the affirmation of
neo-luxury and sustainability-oriented consumption patterns, together with the expansion
of urban upper and middle classes, has generated a new need for both consumers and
citizens to green their lives [13–16]. Accordingly, individuals and institutions have shown
a higher willingness to buy and pay for flowers and plants and behave as attentive and
responsible consumers in choosing sustainability and transparency [11,17,18].

These trends are confirmed by the early insights on the impact of the ongoing COVID-
19 pandemic [4,19,20]. Specifically, they highlight the strengthening of new consumer
perception of flowers and plants as functional goods, with essential advantages for the
environment and human well-being [11,21–23].

In light of the above, we consider the increase in new market opportunities for
European domestic producers that show the power to drive processes of requalification
and sustainability transformation of the European ornamental sector [24]. The good per-
formance of European demand has also incentivized the growth and higher quality of
imported productions, coming from exporting producer countries of Africa and South
America [4,5]. This causes new relevant challenges for the competitiveness of high-cost
domestic supply systems [6,10,25,26].

The seizing of new opportunities for the sustainable development of the European
ornamental sector requires an increase in efforts from both private and public stakeholders.
In other words, the enhancement and adaption of existing marketing strategies and gover-
nance settings appear essential to face the competition and also favor the realization of win-
win approaches among different countries and stakeholders [10,12,27–32]. On this basis, the
industry shows a gap in the capacity of prediction, planning, and coordination of relevant
actors, thus evidencing a need for improving their knowledge and practices [25,33,34].

In this sense, market research plays a fundamental role [12,35]. Notwithstanding, in
the European context, flower and ornamental plants’ marketing and governance systems
usually receive limited attention from the scientific literature; in addition, the chronic
outdatedness and fragmentation of relevant data and information affect the availability
of official statistics and institutional sources [36]. As a result, the current economic debate
is weak.

Our paper aims at filling the gap in the availability of structured and theoreti-
cally sound studies and integrated data sources on new consumption trends, marketing
strategies, and governance settings. In particular, the following objectives are pursued:
(i) identifying an innovative ornamental horticulture market data framework; (ii) evidenc-
ing evolving dynamics of competition in Europe and necessary adaptions of public and
private action; (iii) defining a new action-research agenda, capable of stimulating interest
from businesses, researchers, and institutions.

As far as methodology is concerned, we carry out an integrative grey literature review.
Considering the abovementioned limits of official data and scientific research, the grey
literature represents an essential source of information within the sector. Innovatively, the
integrative review strategy allows us to overcome the dispersion of grey literature sources
and to integrate and synthesize the most reliable and representative data.

We believe our findings give an innovative contribution to the information, enhance-
ment, and coordination of decisions and actions of policymakers, businesses, and industry
organizations operating in the European ornamental sector, and sustain the realization
and fair remuneration of high-value sustainable ornamental supply chains, with multiple
functions for the society and ecosystems [37–39].
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Specifically, we illustrate the followed review methodology in Section 2. Results are
presented in Sections 3–5. Lastly, Sections 6 and 7 are dedicated to the identification of the
new action-research agenda and the conclusions.

2. Methodology

The methodology of this paper is based on an integrative grey literature review [40,41].
We classify the grey literature as a non-systematic aggregate of material and research,
produced by different organizations outside of the traditional academic or commercial
publishing and distribution channels [42].

The panorama of the economic literature on the European ornamental horticulture
industry is limited. At the same time, relevant official statistics are often poor and inconsis-
tent. In light of this, we consider grey literature to be the main source of knowledge on the
European ornamental horticulture sector structure and dynamics, although characterized
by high variability and fragmentation of related institutional sources and documents, as
well as dataset types.

In line with this, the adoption of a grey literature approach and integrative review
strategy allowed us to select the most reliable and representative institutional sources
and providers of grey literature. This led us to identify and review their most recent and
comprehensive contributions valuable for the topic [40,43].

The review design does not follow any specific standard [41,44]. The sampling of
sources was realized by adopting a purposeful approach, aiming at an inclusive selection
of material [40,44].

As a first step, we identified a set of key terms to define the research topic (Table 1).
We used the identified terms as keywords to conduct an online search of relevant grey
literature. The research was realized by the means of the Google Search engine [45]. The
web searching method combined with the key terms identified permits to include in the
sample grey literature that is open or easy to access, thus enhancing the study replicability.

Table 1. Key terms for research topic definition and online searching.

Definers Key Terms

Market and Industry

Floriculture
Flower industry
Ornamental industry
Nursery industry
Flower market
Ornamental plants market

Product Category

Flowers and ornamental plants
Ornamentals
Cut flowers and pot(ted) plants
Cut flowers and indoor plants

Supply Chain
Structure and Characterization

Supply chain structure and dynamics
Production
Trade
Consumption
Consumption patterns
Sales and spending

Geographical Area

World/Global
Europe
European Union (EU), i.e., EU (28)/EU (27) + United
Kingdom (UK)

Source: our elaboration.

As a preliminary result, we selected 10 institutions that are among the major providers
of grey literature concerning the European flower and plant market (i.e., industry organiza-
tions, trade fairs, flower auctions, commercial services, governments, and other national

328



Horticulturae 2022, 8, 234

and international institutions) and identified their official websites to gather relevant
documentary materials and statistics (Table 2).

Table 2. Major institutional sources in the European ornamental sector.

Name of the Institution Country Official Websites 1

International Association of Horticultural Producers (AIPH) Belgium http://aiph.org/

International Flower Trade Association
(Union Fleurs) Belgium https://unionfleurs.org/

Messe Essen GmbH
Press Media Centre for IPM Essen Germany https:

//www.ipm-essen.de/world-trade-fair/

Royal Flora Holland (RFH) The Netherlands https://www.royalfloraholland.com/en

Association of the German Flower Wholesale and Import Trade (BGI) Germany https://bgi-ev.de/en/the-association/

RaboResearch Food and AgriBusiness (Rabobank) The Netherlands https://research.rabobank.com/far/en/
home/index.html

European Commission
Directorate-General for Agriculture and Rural Development (DG

AGRI) Unit G2-Wine, spirits, and horticultural products
Belgium

https://ec.europa.eu/info/food-farming-
fisheries/plants-and-plant-products/live-
plants-and-flowers_en

International Trade Centre (ITC)—Trade Map n/a https://www.trademap.org/Index.aspx

Centre for the Promotion of Imports from developing countries of the
Netherlands Ministry of Foreign Affairs (CBI) The Netherlands https://www.cbi.eu/

Assembly of European Regions producing Fruits, Vegetables and
Ornamental Plants (AREFLH) France https://www.areflh.org/en/

Source: our elaboration. 1 Accessed on 2 February 2022.

Among the latter, we selected a purposeful sample of 58 secondary data sources. The
adopted inclusion criteria are reported in Table 3. We added literature to the sample until
achieving the saturation of information [46].

Table 3. Inclusion criteria and sample description.

Inclusion Criteria Description of the Included Grey Literature

Relevance and reliability

• Published or distributed by the most reliable and
representative institutional providers of grey
literature for the European ornamental industry

• Reporting proprietary elaborations that integrate
secondary data-official statistics or other reliable grey
information—with primary data—interviews and
surveys involving experts and practitioners

Document typology and accessibility

• Including different typologies of documents and
datasets, i.e., project reports, periodicals, statistics,
yearbooks, press texts, lectures, working documents,
opinion statements

• Accessible from open-or-easy-to-access online
institutional sources, i.e., official websites of the
selected institutions

Year of publication
• Published in the timeframe 2015 1–2022 (most recent

disposable year)

Scope • Not limited to a single country or product category

Language • Using English language

Source: our elaboration. 1 We used 2015 as the base year for the gathering of grey literature. Indeed, it represents
a turning point in the evolution of European ornamental industry and market dynamics [25,47].
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The sampled grey literature was analyzed by the means of a comprehensive quali-
tative approach [40,41,44]. Accordingly, through the full-text reading of documents and
the querying of datasets, we extracted the most relevant text parts and statistics. The ex-
tracted information was compared and integrated, based on criteria of logic and conceptual
reasoning. The results were elaborated in a narrative synthesis form.

3. The World and European Ornamental Sector

3.1. A Description of the Global Scenario

At the global level, the ornamental sector is expanding in both production and trade,
with a consequent increase in market globalization and competition [4–6,15,30,48,49].

On the side of production, flowers and ornamental plants count for a total world value
of about EUR 35.5 billion, corresponding to an area of 745,000 Ha [50].

As for trade, Rabobank (2022a) [4] evidences a steady increase in global export, at
a compound annual rate (CAGR) of 3.9%. Considering the categories of cut flowers, foliage,
and live plants, a twenty-year positive trend in export growth can be identified, which led
to an aggregate world value of around EUR 18 billion in 2020 [5,51] (Figure 1).

 

Figure 1. The international trade of flowers and ornamental plants: the trend of world exports (000
EUR, 2001–2020). Source: our elaboration on [51] (data extraction: 24th January 2022). The identified
product categories follow the Harmonized System Nomenclature [52], HS Codes: 0603, 0604, 0602.

In order to identify and describe global main flower and ornamental plant markets,
we consider a recent classification elaborated by AIPH (2019b) [6]. The latter characterizes
four homogenous geographical groups, consisting of the major production and consump-
tion markets at the global level.

Each group includes flowers and plants producer countries that have in common
the same market determinants, and report similar conditions of both demand and supply.
Building on AIPH (2019b) [6], in Table 4, we present a framework of the current World
ornamental market scenario.
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Table 4. The World ornamental market scenario: a classification.

Country
Group

Included Country/Area 1 Market Determinants Characteristics of Demand and Supply

M
at

ur
e

do
m

es
ti

c
pr

od
uc

er
co

un
tr

ie
s

Europe
Canada

United States (US)
China
Japan

• Good economic performance of
included countries

• High urbanization rate
• High occupation growth
• High population aging rate
• Interest of individuals in pursuing a higher

well-being and life quality
• Flowers and plants are core elements of local

biocultural heritage
• Long-standing tradition of

ornamental production
• Presence of highly functional logistics

networks and hubs for the trade of large
volumes of perishables

• Subsistence of high flowers and plants
production costs, especially due to climate,
labor conditions, relevant regulations, and
fiscal regimes

H
ig

h-
va

lu
e

do
m

es
ti

c
de

m
an

d • Highest share of world total
consumption value

• Expected rapid and significant growth of
demand, in both volumes and value

• High demand fragmentation
• Growing attention of consumers to

flowers and plants multiple functions

St
ro

ng
do

m
es

ti
c

pr
od

uc
ti

on
ba

se

• Domestic productions cover the highest
share of internal demand

• China and Japan: expected growth of
domestic productions volume to maintain
the highest share of consumption growth

• Europe and North America: expected
growth of domestic productions
differentiation to compete with the
increase in quality and volume of flower
imports from Africa and South America

Em
er

gi
ng

do
m

es
ti

c
pr

od
uc

er
co

un
tr

ie
s

India
Mexico
Brazil

• Increase in economic performance of
included countries

• Growth of per-capita income and
purchasing power

• High urbanization rate
• Upsizing of urban upper-and-middle classes
• Favorable climate and soil conditions for

flowers and plants cultivation
• Low cost of production inputs
• Proximity to high-value demand markets

pertaining to the group of mature
domestic producers

H
ig

h-
gr

ow
th

do
m

es
ti

c
de

m
an

d

• Domestic demand exceeds
domestic supply

• Expected sharp growth in demand
volume and value due to the expansion of
urban upper and middle classes

Ex
pa

nd
in

g
do

m
es

ti
c

pr
od

uc
ti

on
ba

se

• Expected increase in domestic production
to obtain the major share of growth of
internal demand

• Domestic production will almost
exclusively cover the growth of
internal demand

• The volume of exports will remain
early negligible

M
at

ur
e

ex
po

rt
in

g
pr

od
uc

er
co

un
tr

ie
s

Colombia
Kenya

Ecuador

• Unstable economic performance of
included countries

• High political instability
• Low urbanization rate
• Low occupation rate
• Optimal soil and climate conditions for

flower and plant breeding and cultivation
• Minimum flower and plant production costs,

due to low price of energy and labor,
supportive regulations and fiscal regimes

• Proximity to fast-growing and high-value
markets pertaining to the groups of both
mature and emerging domestic producers

• Localization of both European and North
American production activities that bring
with them advanced knowledge and skills,
high investment capacity and
professional services

Lo
w

-g
ro

w
th

do
m

es
ti

c
de

m
an

d

• Small size of internal demand (Europe
and North America currently represent
main destination markets)

• Low expected growth in consumption
(India, Mexico, and Brazil represent new
accessible and attractive
destination markets)

St
ro

ng
do

m
es

ti
c

pr
od

uc
ti

on
ba

se • Expected growth of domestic production
following a significant expansion
of exports

• Dominant role of major crops production,
i.e., roses, chrysanthemum and carnations

• Domestic producers will maintain the role
of World cost leaders

Em
er

gi
ng

ex
po

rt
in

g
pr

od
uc

er
co

un
tr

ie
s

Ethiopia
Vietnam

Lo
w

-g
ro

w
th

do
m

es
ti

c
de

m
an

d • Small size of domestic demand
• Low expected growth in consumption

Ex
pa

nd
in

g
do

m
es

ti
c

pr
od

uc
ti

on
ba

se

• Expected increase in domestic production
volume and competitiveness to capture
a growing share of demand in
fast-growing and high-value markets of
Europe and Asia

• Expected significant increase in the share
of domestic productions of world
total export

Source: our elaboration on [4–7,9,11,25,53–55]. 1 Countries/areas with either production or consumption above
100 million EUR.

3.2. Relevant Insights from Europe

According to the presented market scenario, the European ornamental industry is
transforming, with evolving dynamics of production and trade and the emergence of new
strategic orientations [4,5,11,56,57]. Specifically, already since the biennium 2015–2016, the
sector entered a period of profound change, determined by market globalization and the
evolution of the socio-economic and bio-physical context [25,47,58,59].
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In line with the above, in Europe, the flower and plant supply is expanding and
structurally mutating, although the effects of climate change contribute to the higher
instability and unforeseeability of prices and quantities [15,49]. Dynamics of change are
affected by key determinant factors, such as globalization, demand growth, technological
development, and favorable commercial policies.

To illustrate, from 2015, significant growth has been characterizing the European flower
and plant production [60–62], covering an area of 60.000 Ha for a value of about EUR
11 billion [50]. In terms of value, the major contribution has been made by mature producer
countries, i.e., The Netherlands, Italy, Germany, France, Spain, and the UK, which together
cover a share of 70% (approx. EUR 7.7 billion) of the European total [50]. At the same
time, new domestic producers have emerged, such as the cases of Baltic states, Malta, and
Luxembourg, that significantly record percentages of growth between 14% and 15% [60].

Important current dynamics of recovery and qualification of European domestic
productions are expected to maintain and even accelerate [4,30], flanked by continuing
growth of the flower and plant trade [4,5,30,48,49,54,61–66].

In that regard, Europe is consolidating its position of attractive and accessible target
destination for both domestic and exporting producer countries. Hence, intra and extra
EU trade is expanding due to: the growth of production, the innovation of information
and communication technologies (ICT), the enhancement of logistics, the actualization of
free trade agreements (FTA) and preferential trade schemes (GSP), the expansion of mature
demand markets, and the emergence of attractive North-Eastern and Middle Eastern
destinations (e.g., Denmark, Poland, Russia, Turkey) [4,5,11,12].

The European flower and plant trade is characterized by its dominant role of high-
quality low-cost imported productions, originating in the Southern countries of Africa
(primarily Kenya and Ethiopia) and Latin America (primarily Colombia and Ecuador),
mainly distributed by the Dutch wholesale market [4,5,48]. Nonetheless, a stable positive
trend can be identified in the improvement of the European trade balance.

To that end, Figure 2 reports our elaboration of ITC trade map data [51] concerning
the country group EU (27) + UK in order to evidence the performance of the trade balance
in the period 2001–2020 for the categories cut flowers, foliage, and live plants. Figure 2
shows a consistent improvement of the balance during the considered period, leading to
a total value of about EUR 191 million in 2020.

In light of the above, European market high internationalization increases its permeability
to the political turmoil, economic turbulences, shocks, and crises occurring at the world or
country level [54,66], with significant effects on its evolution dynamics and predictability.

To illustrate, among the latest developments affecting the European ornamental mar-
ket, particular consideration is given to Brexit. On the one hand, the UK maintains its
position as one of the major destinations in the European area. As a matter of facts, ac-
cording to 2021 data, British consumers’ demand is very high and Great Britain leads the
rankings of Dutch exports growth [11]. On the other hand, current institutional changes
(e.g., regulations, fiscal regimes) are partially reducing the attractiveness of the destination
(e.g., higher transport and administrative costs) and challenging the European flower and
plant exporters and producers [49,65,67,68].

Messe Essen (2022) [11] outlines the high market uncertainty deriving from the forth-
coming introduction of a UK policy for the “comprehensive and full monitoring of flowers
and plants from The Netherlands”. This policy will come into force from the 1 July 2022
and will require flowers and ornamental plants to be physically checked at the border to be
imported into the UK.

As a result, higher administrative and transport costs, as well as shipping delays, are
expected to affect both the volume and value of EU exports to the UK and influence Euro-
pean traders’ and producers’ marketing strategies and governance systems. In addition,
other similar effects could be generated by the decision of the UK government to look for
trade agreements outside the EU, particularly with members of the British Commonwealth,
such as Kenya [4].
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Figure 2. The European market for flowers and ornamental plants: EU (27) + UK trade balance (000 EUR,
2001–2020). Source: our elaboration on [51] (data extraction: 24th January 2022). The identified product
categories follow the Harmonized System Nomenclature [52], HS Codes: 0603, 0604, 0602.

Lastly, the ongoing COVID-19 pandemic serves as a game-changer in the European
scenario, with breakthrough effects on the flower and plant market. In spite of the limited
information available, a few relevant contributions already allow outlining major negative
outcomes and positive long-term expectations.

In particular, despite the unpredictable market shock of spring 2020, determined by the
sharp brake of trade and sales during the peak season, in the long run, the pandemic is work-
ing as an accelerator in the growth of the European flower and plant demand [11,69–72].
A rapid upturn of sales started in the second part of 2020 and accelerated during 2021
affecting a dramatic positive performance of the European flower and plant trade [4,73,74].

As illustrated in detail in Sections 4 and 5, the impact of COVID-19 on ornamentals
consumption and competition will drive the emergence of new spaces for growth and
profitability of European traders and producers, based on major institutional changes and
a with-no-precedent good mood of European consumers [11].

4. Ornamentals Consumption Trends in the European Context

4.1. The New Determinants of Consumption Trends: A Classification

Europe is part of the group of mature domestic producer countries, identified by AIPH
(2019b) [6] (Section 3.1). In that regard, in the European context, ornamentals consumption
is expanding and changing, due to a selection of key socio-ecological determinants.

In particular, a shift in consumer behavior drives an upturn in the number of con-
sumers and an increase in purchased quantities that both reached record-breaking numbers
at the end of 2020 and in 2021 [11]. In addition, it generates a reduction in demand elasticity
that makes quality prevail to the detriment of price [68].

In light of that, Table 5 reports a classification and description of the drivers we
identified as the most relevant in affecting the evolution of the European flower and plant
consumption trends.
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Table 5. Main determinants affecting the evolution of flower and plant consumption trends in Europe.

Determinant Drivers for Change of Consumption Trends
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• Globalization is the most affecting driver of change in the ornamental sector. The increase in cross-border flows of
products, technology, investments, people and information is leading to a strong interdependence of world economies,
cultures, and populations.

• In the ornamental sector, the high globalization causes a higher permeability among different geographical markets,
thus generating a greater variability and mutability of consumer preferences and behavior.

• The flower and plant fashion and consumption trends mutually affect each other and rapidly change. As
a consequence, the demand for ornamentals appears more fragmented and unpredictable in major consumption
markets as Europe.

• New high-value demand markets are emerging in growing-income countries of Northern and Eastern Europe, as well
as in the areas of Far East and Middle East.

C
lim

at
e
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an

ge • Climate change causes significant alterations in seasonal weather and temperatures and determines a general increase
in heat and drought. These changes lead to an upheaval in flower consumption trends compared to regular seasonal
dynamics and flower holiday calendars. Flower demand increases its instability and shows sudden unpredictable
peaks, thus causing high volatility of exchanged volumes and prices.

• Both private and institutional consumers are showing growing attention to the functionality of ornamental plants in
dealing with climate issues, thus increasing their demand and willingness to pay.
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• Urbanization is a key driver of flowers’ and plants’ consumption evolution. AIPH (2019b,c) [6,7] estimates that about
9 billion people will live in cities by 2050. In urban areas, people worry about the adverse effects of cities on the
environment and life quality. At the same time, they feel the need to restore direct contact with nature.

• By 2030 upper and middle classes are expected to expand to about 2 billion people. The growth of high-income urban
consumers is seen to accompany the emergence of a new essential need for greening their lives. This fact increases
flower demand volumes and value and reduces its elasticity to price.

• Currently, new programmes, regulations, and plans have been realized, intended to requalify urban environments and
facilities, thus supporting their capacity to adapt and serve the present and future generations. In that regard, flowers
and plants are furtherly considered as essential goods for improving the quality and livability of cities and
their surroundings.
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• The aging rate of populations is rising together with the rate of retirement. Old people are keen to buy and pay for
keeping well their houses and gardens and care for their personal health and families.

• The segment of urban young workers is expanding. People in this segment show an increase in the caring of their
personal image, health, and happiness and in their per-capita spending.

• Population aging together with the expansion of the class of young workers are boosting the increase in flowers’ and
plants’ consumption. Old and retired people together with well-off attentive young workers increasingly perceive
flowers and plants as lifestyle products, capable to symbolize their identity values and to enhance their well-being

• A new biophilia sentiment is emerging that boosts the use of flowers and ornamental plants both as luxury gifts and
specialty daily-use goods.
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• In Europe, a large portion of consumers—even in older age groups—seem to be aware of main global sustainability
issues at the social, economic, and environmental level, and are committed to making responsible
consumption choices.

• With reference to the issue of sustainability, a “neo-ecology” megatrend can be identified, transforming values of
individuals, policymakers, and society [11], on Zukunftsinstitut (Future Institute) (p. 18).

• Neo-luxury and sustainability-oriented consumption patterns are emerging, thus affecting the evolution of demand
and consumption in agri-food markets.

• Consumers seem to orient their choices to: valorize hedonistic and ethical principles; value quality instead of price;
favor specialty products instead of standardized goods; consider information and transparency as fundamental value
attributes; pay a premium for products qualities linked to origin and sustainability; recognize the value of products
functionalities for higher life quality.

• High value-added goods and services (e.g., compositions, arrangements) are preferred by flower and plant consumers.
At the same time, new sustainability values play a dominant role in boosting ornamentals consumption and orienting
consumer preferences.
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T • ICT and Internet are increasingly diffused and accessible in Europe. In line with this, they serve as game-changers in
the ornamental sector.

• The use of online channels and digital devices is rapidly spreading among flowers and plants consumers of all ages,
for both information gathering and product purchasing. The UK is a pathfinder in this area.

• The online channel (e.g., web and social media) becomes the primary source of information on ornamental products
and brands; at the same time, online sales experience a significant growth which has accelerated due to the current
COVID-19 pandemic.

• A fundamental role is played by the activities of influencers and bloggers that discovered and promote a new passion
for flowers, plants, and gardening.

• Multi-channel shopping experiences are increasingly appreciated.

334



Horticulturae 2022, 8, 234

Table 5. Cont.

Determinant Drivers for Change of Consumption Trends
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• The ongoing COVID-19 pandemic is expected to positively affect ornamentals consumption in the long run. This is
a consequence of the structural changes the pandemic is causing, both socio-cultural and economic.

• From a long-term perspective, the pandemic seems to accelerate and amplify the effects of the other identified
determinants, thus in particular due to people’s reaction to solitude, lockdown, smart working, and fear of new
calamities. Consumers came to appreciate flowers and plants during the pandemic and seem to confirm their
appreciation and propensity to buy and pay.

• Specifically, consumers increase their desire for nature and natural resources (AIPH, Sustainability group) [75];
augment their interest in local products and short supply chains; corroborate their perception of flowers and
ornamental plants as everyday products (e.g., to decorate their home offices and gardens); and improve their
familiarity with the use of the online channel.

• The ornamental plants’ segment presents the highest perspective of growth due to the expansion of urban gardening,
even including the cases of expanding public green areas and social gardening. In addition, the growing number of
people working from home demands rare green plants to qualify home workplaces. At the same time, even cut flowers
and foliage are beating the market, based on the recovery and speed up of events and the wedding market.

• Flowers and ornamental plants are increasingly recognized by public administrations, businesses, and society as
primary goods for enhancing individual well-being and collective life quality. Florists and garden centers have been
included in the group of stores rapidly reopened, because of providing essential personal services. In some countries,
public campaigns promoted the purchase of ornamental products as a remedy against the negative effects of lockdown
solitude and isolation.

Source: our elaboration on [4–7,9–11,13,15,22,23,25,26,30,47,49,54,55,58,64,65,68–70,72,76–85].

Determinants reported in Table 5 show evident effects on the expansion and trans-
formation of ornamentals consumption trends. In perspective, further expansion and
qualification of the ornamentals consumption may result from the implementation of the
EU Green Deal strategy together with the possible adaptions of the new Common Agricul-
tural Policy (CAP) [12,86–90]. Indeed, flowers and plants seem to be gaining increasing
consideration from policymakers as part of the solutions of the overall EU Green Deal
objectives (e.g., climate neutrality, natural resources and biodiversity preservation, social
inclusion, and well-being) [12,87,90] and the related Biodiversity 2030 strategy [91].

In line with that, expected changes in EU and national (agricultural, environmental,
social) policies, flanked by possible transformations of programmes and legislations, and
the actualization of pledges and other concerted initiatives concerning life greening, biodi-
versity, and replanting [92,93], may foster the demand for flowers and plants to mitigate
climate change impact, increase social welfare, support green city planning, as well as
forestry and agro-forestry activities.

Actually, how and to what extent the new policy orientation will concretely translate
in a further and long-lasting expansion of the ornamentals consumption will depend on
the capacity of industry and stakeholders to properly organize and effectively sensitize and
dynamize both citizens and institutions [89,94].

4.2. Consumer Profiles and Dominant Consumption Trends

According to the presented evolution of the socio-ecological context, over the next
decade, a positive trend in the growth of flower and ornamental plant consumption is
expected to characterize the European market. This trend will concern both private and
institutional segments [6,95].

In line with the opinion of the most reliable institutions in the sector, the main engine of
this growth is represented by the increase in the number and consumption of high-income
urban consumers, which will be profiled in the next paragraph (Section 4.2.1). Consistently,
new consumption trends arise and consolidate, concerning both individuals (Section 4.2.2)
and institutions (Section 4.2.3). Remarkably, businesses and public administrations are
raising their expenditure for flowers and plants to improve the quality of working and
living conditions [6,9,11,21,65].
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4.2.1. New High-Value Consumer Profiles

In line with the good performance of consumer demand, various attempts are made
by the sampled institutions to identify emerging high-value consumer profiles, evidencing
dominant consumption trends, and attractive markets.

Among them, we consider the relevant contributions of AIPH (2019b) [6] and Rabobank
(2017a) [9]. The latter adopts the criterion of age to identify the most relevant consumer
profiles in mature domestic producer countries in Europe, Asia, and North America. Specif-
ically, they highlight two generational segments including the majority of present and early
future consumers of flowers and ornamental plants in the considered markets. The first
segment is the one of “Millenials”, i.e., including people born between 1980 and 2000, while
the second is the one of “Baby Boomers”, consisting of people born between 1945 and 1964.

In line with these results, Rabobank (2017a) [9] describes the two consumer groups of
“Old age people, retired or approaching retirement” and “Young adult people, working
or about to get a job” as the most representative ones to be considered in the analysis of
prevailing consumption habits in the European market for flowers and plants.

Furtherly, with special consideration of the segment of cut flowers and indoor plants,
RFH (2017) [96] uses a multivariable approach to group and classify consumers based
on their psychographics and behavioral characteristics, also including flower and plant
purchasing frequency and willingness to pay. As a result, three high-value consumer
profiles are identified: the “Cultivated performers”, the “Cosiness seekers”, and the “In-
dividualistic performers” (Table 6). They represent the ones covering the highest share of
both the number of consumers and turnover.

Table 6. High-value consumer profiles in the European market for cut flowers and indoor plants:
a multivariable approach.

Classification
Criterion

Description of Consumer Profile

Cultivated Performers Cosiness Seekers Individualistic Performers

Ps
yc

ho
gr

ap
hi

c

• Pursue high living standards
• Are involved in social and

cultural life
• Are interested in sports, personal

care and good nutrition
• Perceive creativity as a value
• Love to show their knowledge

and expertise
• Pay for higher quality
• Appreciate exclusivity, choice

variety and professionalism

• Care of the family
• Love travelling and hosting
• Have a busy life both at home

and outside
• Are interested in

new technologies
• Play sports occasionally
• Pursue personal happiness
• Are fashion conscious and

attentive to seasonal trends
• Are careful about price

• Look at appearances
• Care of their own image
• Consider the importance of style

and creativity
• Are interested in innovation
• Seek and trust experts’ advice
• Pay for higher quality
• Appreciate products

sustainability and
ecological benefits

Be
ha

vi
or

al

• Buy flowers and plants with
a high frequency

• Are used to shop through the
specialized channel (especially
florist shops)

• Show a positive attitude towards
the purchase of specialty crops
and high-value bouquets and
arrangements

• Pay a premium for products
assortment, craftsmanship
and experience

• Buy flowers and plants with
a high frequency

• Are used to shop through
supermarkets and
garden centers

• Buy flowers and plants as
a vehicle of happiness

• Show a positive attitude towards
the purchase of seasonal species
and trendy varieties

• Consider wide and deep
assortment as
a choice discriminant

• Buy flowers and plants with
a medium frequency

• Are used to shop through the
specialized channel

• Pay a premium for products
specialty, creativity
and experience

Market share TOT

% total
consumers 14.6 8.5 14.7 37.7

% total
turnover 38.2 15 15.5 68.7

Source: our elaboration on [96].

With reference to the profile characterization reported in Table 6, RFH (2017) [96]
validates the dominant role of urban young generations and high-income workers, together
with old and retired people in boosting the outstanding performance of the European
flower market.
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4.2.2. Dominant Trends in Flower and Plant Consumption Preferences and Behavior

The evolution of consumer preferences and behavior in major European country
markets is permeated by a relevant transformation, based on a new consumer perception
of flowers and plants.

In general terms, consumers, especially the younger generations, seem firstly reinforc-
ing their recognition of the unique value of flowers and plants as precious gifts or event
arrangements; secondly, developing a new cognition of ornamental products as primary
goods and essentials for enhancing their quality of life [11,22,23,55,64].

In more specific terms, new dominant consumption trends characterize the change
in consumer beliefs and attitudes in Europe. We categorize these trends according to the
following descriptions.

I. Consumers mostly prefer quality over price Consumers ever more valuate and
choose flowers and ornamental plants that are qualified as specialty goods and
that offer multiple functional and emotional advantages [6,9,11,53,54]. Specifically,
they recognize and pay a premium for flowers and plants capable of symbolizing
their identity values and tastes, and to provide them with specific benefits, not
only in terms of aesthetics but also with reference to their personal realization and
well-being. Accordingly, the European market registers an increase in the number
and frequency of purchases of high value-added ornamental products. In line
with this, refined bouquets and flower arrangements consolidate their positioning
in both the segments of luxury gifts and events [4,11,49,81]. In these segments,
main differentiation attributes become the following: rareness, creativity, branding,
craftsmanship, and personalization. At the same time, flower and plant customized
compositions acquire a growing market share in the segment of daily-use goods [5],
as either decorations for homes and gardens or horti products [15,81]. In particular,
with reference to flower and plant material, consumers choose and remunerate
the quality of specialty crops, i.e., using branded seeds, valorizing innovative and
trendy species and varieties as well as traditional essences. In particular, good
market performance is registered by seasonal off-the-cuff landraces and hardy and
heat resistant crops [49,64,65,81]. Besides that, high-value aesthetics and designs
reinforce their role in winning the favor of consumers. To that regard, a new ethic-
oriented canon is emerging in flower beauty: consumers request and value new
organic and fresh-from-the-field styles of flowers and compositions, valorizing
effortlessness and naturalness [97–99].

II. Sustainability and transparency play as primary determinants of choice An in-
creasing number of consumers, especially in the group of young educated people,
make responsible consumption choices when purchasing flowers and plants. For
example, in the representative German market, a share of about 20% of total con-
sumers consider sustainability as a primary determinant of choice [21–23,49,65].
Furthermore, according to a survey carried out by Statista in June 2021, the ongoing
pandemic furtherly focuses flowers and plants trade and consumption on the value
of sustainability and regionality. In addition, it increases consumer willingness to
pay for environmentally friendly and socially sustainable production and distribu-
tion processes [11]. The growing consumer desire for sustainability is accompanied
by a higher consideration for product transparency. As a consequence, flower and
plant consumers are increasingly prepared to listen, learn and appreciate the value
of product information [81]. Accordingly, consumers appear to increase their desire
and willingness to pay for new quality attributes intended to: disclose products
origin; communicate their low environmental impact and high social fairness; pro-
mote their contribution to biodiversity preservation; highlight their functionality
for a better quality of living [9,11,22,23,55]. Therefore, higher price premiums are
obtained by products that strategically use specific signaling tools. For example,
a growing number of consumers perceive and remunerate the added value of qual-
ity and safety standards as well as origin marks and sustainability certifications
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schemes (e.g., fair trade, organic, GLOBAL GAP, etc.) [4,26,54,57,65,76,95,96,100].
Likewise, consumers even consider the communicative value of packaging. In
particular, they appreciate eco-friendly and plastic-free containers, vases, cartons,
and wraps, either recycled or biodegradable [11,101], and appreciate their capacity
to claim the product story, identity, and unique benefits. Lastly, consumers show
a new attitude for the use of web and social media as the main source of information
as well as a channel of dialogue with breeders, producers, and traders [15,55,64].

III. Consumers recognize and remunerate ornamental products for their socio-ecological
and therapeutic functionality Ever more consumers are interested in discovering
the unique and superior benefits flowers and plants can provide for multiple
uses [6,102]. Accordingly, especially in cities, both private ambiances and public
spaces are changing their design, focusing on the valorization of the beneficial role
of flowers and plants [11,64]. Indeed, in the consumers’ intention, the latter is used
with multiple functions of: softening and beautifying urban landscapes, home,
and commercial spaces; recalling a contact with nature; mitigating temperatures;
purifying the air; treating stress disorders, concentration problems, and mental
illnesses. In that regard, particular consideration should be given to the new role
of plants in the transformation of home environments, such as livings, gardens,
balconies, and workspaces. Specifically, concerning the indoor segment, consumers
increase their spending on green plants, e.g., split-leaf species, scented, and air-
cleaning, as well as on woody plants [49]. In addition, the gardening segment is
characterized by an unprecedented positive trend in consumption. As a bench-
mark, in 2019, it registered a turnover of about EUR 4.4 billion in the representative
German market [55]. Moreover, Messe Essen (2022) [11] reports recent estimations
by Statista, evidencing that in 2021 around 15 million people aged over 14 spent
time working in the garden several times per month, as far as around 9 million
people doing it more times per week. Moreover, consumers increasingly perceive
home gardens as unique places for happiness, absolving also to the purposes of
recreation and food production [11,49]. Specifically, they find satisfaction in the
creation and caring of near-natural spaces, providing them with joy and peace
of mind, contributing to the surviving of insects and small animals, valorizing
regional and native plants, and producing healthy zero-mile food. Consequently,
a good market performance is registered by space-saving ornamentals (e.g., flow-
ering perennials, beddings, and balcony plants), trees and shrubs as well as by
fruit trees, cacti, vegetable crops, and herbs [11,49,55,65,81]. For example, a new
trend for “nibbles gardens” is emerging [49,65]. In that regard, consumers research
and pay for the specialty of snack and dwarf vegetable crops, fruit nibbles, aro-
matics, and officinal plants as well as easy-care and insect-friendly ornamental
plants [11,49,55,64,81]. Lastly, the expansion of the gardening segment boosts the
growth of complementary markets, such as Do-It-Yourself (DIY) and hobby gar-
dening, e.g., to buy integrated pests, near-natural fertilizers, recyclable materials,
and innovative protection stuff [11,49,64]. At the same time, a fast-growing “smart
gardening” segment is emerging, combining consumer interest in gardening with
their desire to experiment with the high functionality of new smart devices and
home automation technologies (e.g., robotic lawn mowers, digitally controlled
irrigation systems, drones, etc.) [11,49,55,65].

IV. Consumers valuate ornamental products origin and show a preference for locally-
grown and seasonal flowers Consumers appreciate the origin of ornamental prod-
ucts as a distinctive quality attribute, thus valuing their territorial linkage as
a determinant of choice. In this sense, they consider not only the geographical
provenance of the product but also the typicality of the used species and varieties
and the adoption of traditional production and processing techniques [32]. In light
of that, a large part of consumers favors the purchase of both locally-and-nationally-
grown flowers and plants. In addition, the market shows a new consumer interest
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in buying native species and varieties, even valorizing specialty crops and lan-
draces that are typical of other countries [11]. In light of the above, consumers are
willing to pay a premium for ornamental products qualified by specific signs or
storytelling, identifying their local or national provenance.

V. Consumers attribute a growing added value to customized services In line with
the abovementioned trends, flower and plant consumers are changing their per-
ception and remuneration of services (e.g., assistance, information, advice, com-
position, etc.). Accordingly, the flower market shows a shift in the composition
of total consumer spending, characterized by a higher share for the remunera-
tion of services, which become the main determinant of consumer choices and
willingness to pay, while flowers and plants are considered components or “ingre-
dients” [9,26,30,54,55,57,96]. In light of that, new high-value niches are emerging in
the specific market of ornamental services. Among them, we consider the growth
potential of floral and garden design segments [32], together with landscaping, that
registers a positive trend in both sales volume and turnover [6].

VI. Consumers use alternative shopping channels and favor multi-channel experi-
ences Specialized trade still maintains the largest share of the market. Nonetheless,
consumers are increasingly hybrid in alternatively using specialized and non-
specialized shopping channels [4,5,11]. As a matter of fact, consumers increase
channel switching frequency, on the basis of the purchase occasion and the wanted
product category [49,54,63,66]. Accordingly, consumers are more likely to combine
the use of specialized shops to purchase premium price products (e.g., rare essences,
personalized compositions, or arrangements), with the use of non-specialized
channels to buy standardized products (e.g., mono or mixed bouquets, ordinary
houseplants, seeds, and gardening material) [9,54]. Specifically, on the one hand,
florists, kiosks, and street stalls still keep the highest share of the market, especially
due to the expansion of luxury gifts and event segments. On the other hand, super-
/hypermarkets and garden centers, followed by discounts and DIY, are rising their
share, because of the higher sales of bouquets, houseplants (outdoor), and garden-
ing products [4,5,49,50]. To illustrate, in the representative German market, in 2021,
specialized trade accounted for a 60% share of private customers’ total expenditure
for flowers and plants, covering 30% of the total purchased quantity, while large-
scale retailers reached a share of 40% of total expenditure, and covered 70% of the
total purchased quantity [11]. Besides that, consumers are increasing their use and
appreciation of online shopping channels. Remarkably, in consumer perception,
online trade is complementing and integrating the role of stationary trade, but not
replacing it. Indeed, while the market shows a swipe up of consumer spending on
the online channel, the turnover of offline trade remains largely stable [9,65]. In
line with this, consumers–and particularly “Baby Boomers”-, show a preference for
multi-channel shopping experiences [9,15,26,54,57,96]. In that regard, on the one
hand, they choose and value the higher convenience, entertainment, and personal-
ization of online searching and purchasing processes [9,11,65]. On the other hand,
they still prefer to visit offline shops to experience and valuate products, picking up
orders, enjoy moments of leisure, and relate with local growers and retailers [54,63].
The positive trend in online sales started in the UK and Dutch markets, which rep-
resent the initiators of the trend in the European context, with a good performance
in both the handicrafts and gardening segments [25,49]. Nowadays, online sales
are experiencing a steady growth in major European markets (The Netherlands,
France, Germany, and the UK), with the best performances of indoor and outdoor
potted plants [4,11]. The good mood of online purchases in the gardening and
DIY segments is flanked by the increase in online sales in the markets for flower
and plant gifts and floral design arrangements [63]. On these bases, during the
next decade, online trade is expected to cover a share of about 30% of the entire
European ornamental market [9]. Significantly, we retain this estimate should
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even be revised upwards, to include the effect of acceleration generated by the
COVID-19 pandemic [4,11].

4.2.3. A Focus on the Institutional Demand Segment

The institutional segment consists of both the demand of the private sector and public
administration [100]. In accordance with the new determinants of consumption trends
(Section 4.1), this segment is characterized by the growth of consumption and the change
of institutional consumers’ preferences and attitudes.

Concerning the private sector, flowers and ornamental plants are ever more integrated
as a resource in the planning of business models [6,7]. Indeed, businesses and organizations
demonstrate to recognize and research the high functionality of flowers and plants for the
caring of the health and happiness of workers, the enhancement of their creativity and
productivity, and the qualification of work and commercial spaces [11,21].

Likewise, the public administration is increasing the demand for ornamentals for their
role in mitigating the adverse effects of climate change, urbanization, and modernization.
Currently, new programmes, regulations, and initiatives have been realized, at both EU and
national level, fostering the realization of incentive measures and territorial plans including
support to the flowering and greening of urban areas, the (re-)foresting of woodlands, and
the diffusion of agroforestry [49,64,81,103].

The strong increase in public spending plays as an unprecedented accelerator for the
expansion of demand. In accordance with that, a good performance is registered in both sales
and prices by woody plants, with specific reference to native species and landraces, temper-
ature mitigator and air purifier trees and shrubs, and low maintenance species. Similarly,
even seeds and propagation materials expand their share of the institutional market, thus
considering, in particular, the case of wildflowers and bee-friendly species [15,49,64,65].

Forward looking, the ongoing political transformations, particularly the evolution of
the discussion concerning the implementation of the EU Green Deal strategy, seem to open
new opportunities for further growth in institutional demand [12,75,90].

Significantly, the new policy orientation is also encouraged by the effects of the current
COVID-19 pandemic [104]. Actually, the latter boosted the recognition of flowers’ and
plants’ unique social and ecological functions, thus stimulating the expansion and qualifi-
cation of both market and social demand, and attracting and directing the attention and
commitment of the EU and national institutions [11,15].

4.3. Consumer Spending and Consumption Value

The revised literature evidences a lack in the availability of quantitative data, referring
to the value of flower and plants consumption and consumer spending. Despite that, some
valuable estimations are made in relation to the trends registered in consumers’ per-capita
income and purchasing power, e.g., per-capita gross domestic product (GDP) or gross
national income (GNI) ratios.

We consider the valuable contribution of AIPH (2020a) [50] in aggregating the most
recent available data referring to both per-capita and total consumer spending on flowers
and plants (and related goods), in main world consumption markets excluding China.

On the one hand, for each of the considered countries, the value of per-capita spending
related to the level of GNI per capita is reported, with the highest registered performances
by Switzerland (EUR 127), Denmark (EUR 114), Germany (EUR 108), and the UK (EUR
104) (Figure 3). According to the latest contribution of Rabobank (2022b) [5], Norway is
also included in this group of high-value spending countries.

Messe Essen (2022) [11] highlights a perspective increase in per-capita spending, with
reference to the major German market. This is attributed to the significant increase in the
number of first-time consumers together with consumers’ willingness to accept higher prices
for plants (e.g., the average purchase amount per receipt increased by at least 10% from 2020
to 2021), and their higher propensity to pay for high-quality flowers as unique gifts.
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Figure 3. Consumption of flowers and plants (and related goods): per-capita spending and GNI in
major world country markets (excl. China) (EUR). Source: our elaboration on [50]. The reported
data do not include the share of spending concerning the market for services, e.g., floral and garden
design, landscaping, green urban planning, green urban maintenance, etc. The data of per-capita
spending refer to the latest available year in the timeframe 2015–2019. GNI = gross national income
(at PPP = purchasing power parity) in 2016.

Besides that, regarding the estimations of total consumer spending, the highest values
are registered in the US (EUR 31.1 billion), followed by Germany (EUR 8.9 billion), the UK
(EUR 6.9 billion), and Japan (EUR 4.8 billion) (Figure 4).

In order to give a long-term perspective of the trend of the world and European
consumption value, Rabobank (2017a) [9] provides an estimation of the global major
ornamental markets, with reference to the decade 2017–2027. The estimation is referred to
the aggregate flowers and pot plants.

In this regard, Rabobank [9] reports that by 2027 the value of flowers and plants
consumption will grow of a percentage of about 20% in both Europe and North America,
while Asia will be characterized by a percentage of growth standing between 60% and
80%. According to these estimations, the total world consumption value is expected to
reach about USD 100 billion in 2027. More specifically, Europe and Asia are expected to
count, respectively, for approx. USD 37 billion, while North America is expected to register
a value of approx. USD 20 billion.

Lastly, in light of the ongoing COVID-19 pandemic, Rabobank [9] estimations could be
partially changed to include the effects of the relevant socio-economic phenomena [11,84].
Nonetheless, according to the most recently available information, since the end of 2020,
flower and plant sales, after a relevant but short-time decrease, recovered in both volume
and value and soared at a rate equal or even higher than the one of the pre-pandemic
period [4,11,22,23,25,73,74].
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Figure 4. Consumption of flowers and plants (and related goods): total spending (EUR 000 000) over
population (000 000) in major world country markets (excl. China). Source: our elaboration on [50].
1 The data of total spending refer to the latest available year in the timeframe 2015–2019. The reported
data do not include the share of spending concerning the market for services, e.g., floral and garden
design, landscaping, green urban planning, green urban maintenance, etc.

5. Emerging Competitive Dynamics in the European Ornamental Sector

5.1. The European Competitive Environment and Evolving Marketing Strategies

The presented evolving dynamics determine a situation of hyper-competition in
the European ornamental sector, characterized by a mutable competitive environment,
dominated by rapid or even unpredictable changes [57]. As a consequence, the whole
flower and plant industry is required to increase its efforts for the adaption of its marketing
strategies to pursue higher competitiveness and sustainability.

Specifically, involved business operators aim at increasing their sharing of resources,
reducing their costs and risks, enhancing their predictive and planning capability, and
developing sustainable competitive advantages [12,55,57].

The problem of costs reduction is particularly sensitive, also considering the significant
increase in the costs of production and logistics in the European context [11]. As a matter
of fact, a low availability of qualified personnel and a steep increase in land prices are
contributing to a higher cost of inputs limiting the upscaling potential of localized systems
and supply chains. In addition, the ongoing pandemic is furtherly worsening produc-
ers’ and traders’ costs, due to the shortage of labor and higher prices of raw materials
(e.g., energy, potting soils and peat, and construction materials). As a consequence, the un-
precedented good performance of flowers and plants purchases, in both quantity and price,
demonstrates to be not always capable to improve the profit of the European ornamental
businesses, thus requiring a change of their marketing strategies and organization.

In order to sustain the competitiveness of high-cost domestic producers and supply
systems, businesses and institutions are enhancing their efforts to pursue sustainable
differential advantages. In that way, they intend to: on the one hand, address the problem
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of small scale and increasing costs; on the other hand, afford the challenge deriving from
imported productions, outstanding for quality standardization and convenience.

What comes of it is a shift in the competitive orientation of the European ornamental
industry, passing from cost minimization to quality maximization [11,25,33,105].

In other words, the current evolution of competition in the European sector makes
the adoption of differentiation strategies an increasingly valuable solution for the effective
positioning of domestic productions and supply systems [12]. Hence, European operators
are growingly developing differentiation strategies, combining them with the adoption of
focalized approaches. Specifically, they often decide for one or a few high-potential markets
to serve and specialize their activities to target the satisfaction of specific consumers’ needs.

In that regard, the development of effective marketing strategies appears an essential
factor to target new high-value consumer profiles and emerging market niches. Specifically,
we consider the selection of marketing levers should be intended to: (i) identify and qualify
flowers and plants locality and territorial linkage; (ii) enhance and promote their specific
functionalities for life quality and well-being, even by the integration of smart technologies
and DIY; (iii) strengthen and communicate the commitment of businesses to the protection
of the environment (e.g., reduction in CO2 emissions, circular economy, preservation of
biodiversity and ecosystems; renewable energy, etc.) and the pursuit of higher social
fairness (e.g., protection of intellectual property rights and varietal innovation; promotion
of human and labor rights; fair distribution of value, etc.) [106].

As an essential aspect, product policies should be enhanced by considering the poten-
tial advantage of the qualification of flowers and plants as specialty goods and services.

To that end, specific quality attributes can be valorized, as, for example: the selection of
native species and traditional varieties (also with reference to the valorization of underuti-
lized or neglected landraces); the adoption of organic production methods and sustainable
processing techniques; the valorization of both multifunctional species, e.g., bee-friendly
wildflowers, edible flowers, dwarf vegetable, herbs, and principles of flower and plant
design and arrangement [11,15,28,55,81,107].

To give evidence of the above, we consider the representative case of Germany, where
since 2018, a large part of the ornamental production has been converted from major crops
to seasonal and traditional species and varieties [81]. As a matter of fact, the increase in
consumer recognition and remuneration of the value of flowers diversity and sustainability
is driving a structural change in the orientations of both florists and floral designers, thus
making them innovate their assortments and differentiate. Consequently, the latter have
increased their need and demand for specialty crops and locally and sustainably produced
flowers and plants, thus stimulating the expansion and diversification of the domestic
production market [11,49,65].

In light of the foregoing, a growing number of quality standards are also adopted, to-
gether with the implementation of higher requirements of safety and sustainability [4,56,108].
In that regard, the creation of private and collective marks (e.g., geographical indications),
the participation in voluntary certification schemes (e.g., GLOBALGAP, MPS-ABC, ISO,
IFS), and the creation of eco-friendly talking packs can furtherly contribute to the enhance-
ment of flowers and plants market value.

The described innovation in product policies is accompanied by the adoption of
premium price policies and the adaptation of promotion and distribution strategies.

To illustrate, particular attention is given to the development of multi-channel distri-
bution systems and the realization of seamless shopping experiences. Indeed, ever more
traditional retailers use to improve their offer by combining the advantages of stationary
trade (e.g., physical experience of goods and services, sociality, proximity, etc.) with the ones
obtainable by online channels, such as higher convenience and personalization [54,80,81].

Besides that, producers’ and traders’ promotion strategies are increasingly valorizing
the role and efficacy of new media marketing tools, sustaining direct marketing approaches
and storytelling. Indeed, web and social media serve as trendsetters and main sources
of consumer information in the European market. At the same time, according to some
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relevant studies, referred to the comparable US context, web marketing strategies (i.e., the
use of web and social media, forum, blogs, and newsletters) are demonstrating both lower
costs and higher returns, in terms of product and brand image and customer loyalty, with
respect to more traditional approaches [109–112].

Lastly, public and collective promotion campaigns are demonstrating their potential
in enhancing consumers’ awareness and feeding their desire. As a matter of fact, during
the ongoing pandemic period, a growing number of initiatives have been taken, intended
to stimulate flowers and plants consumption as a remedy against isolation and social
distancing as well as essential goods for well-being and green living [11].

5.2. The European Competitive Environment: The Role of Governance

The described evolution of marketing strategies in the European ornamental sec-
tor goes hand in hand with the development of adequate organizational strategies and
governance settings [4,9,56,57,63,65,77,81,112,113].

New threats and opportunities have emerged. European producers and supply chains
are requested to improve their flexibility by the means of higher collaboration and invest-
ments. In light of that, flowers and plants growers, together with breeders and traders,
are either creating or consolidating stable cooperative networks, and integrating supply
chains, both at a horizontal and vertical level. To rapidly respond to the acceleration and
diversification of demand, they must enhance their logistics efficiency [4,55,64].

In this regard, the case of European floral supply chains is of particular relevance. As
a matter of fact, the latter are changing their structure [26,77,114,115], thus with considera-
tion of processes of: (a) shortening, with the emerging role of new facilitators, aggregating
different functions, and sustaining the connection of producers with final consumers;
(b) decentralization, with reference to the emergence of diffused logistic hubs and virtu-
alized networks at the international level [5]; and (c) specialization, with a view to the
targeting of new high-value consumer profiles and emerging market niches.

Concerning these points, Rabobank (2017e) [77] describes the major changes that will
affect the organization of the European floral supply chains during the next few years and
classifies the chain typologies that are expected to obtain the highest share of the market.
According to the study, by 2027, three different supply chains will consolidate in Europe,
and cover each a 30% market share:

i. the specialist: targeting consumers who buy flowers and plants as a gift or for special
occasions. It is centered on the role of specialist shops (florists, garden centers),
auctions, wholesale markets, and growers, that are focused on the enhancement of
specialty products and differential quality attributes;

ii. the big-box: specialized in serving large retailer outlets. This chain includes growers,
indeed large growing companies and associations, service providers, that play
a dominant role in dealing with sourcing, logistics, payments, and quality control,
and large-scale retailers, as super/hypermarkets, DIY, and discount stores. The
focus is on the realization of sustainable cost and operational advantages, valorizing
responsive logistics and economies-of-scale;

iii. the e-commerce: targeting consumers buying flowers and plants online. It is
characterized by short flexible connections between growers, digital marketplaces,
and online retailers, committed to the pursuit of higher logistics efficiency, for
assuring the satisfaction of a great number of small client-specific orders. Particular
consideration should be also given to the entering into the market of new online
retailers such as Amazon, or retailers with subscription models, such as Bloomon,
or new logistical players, such as Post.nl.

Accordingly, with a view to improving their organization, business operators increase
their investments and collaboration strategies [9,10,116].

In that way, they can easily specialize their activities, and synergically plan and act for
the targeting of selected markets and the realization of high-value positionings, based on
higher chains traceability, product quality and sustainability, and efficient distribution [114].

344



Horticulturae 2022, 8, 234

To that end, a central role is even played by digitalization and ICT [4,54,80–82,84,85].
What emerges is the relevant contribution that the use of new software and devices (e.g., sys-
tems for track-and-trace, big data management, etc.) can give to the enhancement of supply
chain coordination and transparency, as well as the increase in the management of logistics.

In light of the above, the evolution of private actors’ organizational strategies should
also be supported by the efforts of public administrations and policymakers, at both the
EU and national level [6,54,65]. Increasing public actors’ attention and commitment should
favor the adaption and innovation of mechanisms of support for the overall supply chains
and the existing market structures, favoring the growth of private investments and the
collaboration in the sector [12,89,90].

To illustrate, specific consideration should be paid to the importance of an effective
adaption of the new CAP policy and related national programmes. As a matter of fact,
until now, the sector benefited from little or no financial assistance within this framework,
being eligible to receive sustain only through a few instruments linked to national rural
development programmes (RDPs) [12,90]. AREFLH (2020) [12] affirms the opportunity
to include ornamental horticulture among the mandatory sectoral interventions for EU
Member States (Art. 40 of the draft regulation 2018/392 [117]), considering at least the
countries that possess a sizeable production of flowers and plants.

Besides the abovementioned mechanisms, new EU and national policy measures,
plans, and regulations can work, within or outside the new CAP framework, to give
further support to flowers and plants producers and traders, with reference to the pos-
sible: (a) unification and standardization of certification schemes across Europe; (b) har-
monization of labor, transport, environmental and plant products protection legislations
among the EU Member States, as well as raising of social and environmental EU market
requirements; (c) registration and marketing of flowers and plants origin labels and qual-
ity schemes; (d) definition of multi-actor action-research programs on key topics as pest
management, climate change, innovative breeding, etc.; (e) promotion of education and
professional training.

With a view to favoring these transformations, industry stakeholders should further
increase their commitment and collaboration in order to sensitize and direct the ongoing
political debate and obtain full recognition of the strategic role of the sector [12,89,90,94].

Significantly, the latter demonstrates a huge potential in contributing to the processes
of social and ecological transition involving European countries, also related to the EU
Green Deal implementation [86,88]. Accordingly, the emergence of high-impact concerted
initiatives (e.g., the EU Action Plan Towards Zero Pollution for Air, Water and Soil, the EU
Pollinators Initiatives, etc.) [93], as well as relevant pledges (e.g., 3 billion Trees Pledge) [92],
give significant evidence of the growing public attention and social recognition flowers
and ornamental plants are acquiring for their role in dealing with major social and environ-
mental challenges (e.g., climate change, resources erosion, urbanization, margination, etc.).
Moreover, the consequences of the current COVID-19 pandemic have been shown to further
strengthen this trend [104].

Despite that, the political debate is still ongoing and new institutional arrangements
have not yet been finalized. Noteworthy, programmes and legislations aiming at meeting
the new EU goals of sustainability could determine the necessity of balancing the nec-
essary expansion of ornamentals production, to respond to the growing demand, with
the required reduction of environmental negative externalities (e.g., lowering greenhouse
emissions) [12,32,37,38,79]. As a result, an effective innovation of governance systems,
favoring public and private action coordination, will be fundamental for the qualification
and sustainability transformation of European ornamental supply chains.
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6. A New Action-Research Agenda for the European Ornamental Horticulture
Industry Development and Sustainability

The planning and implementation of new effective marketing strategies and gover-
nance settings are based on the improvement of knowledge and capabilities within the
industry and also at the institutional level.

In view of the above, we consider the advancement of scientific research as a critical
condition. Accordingly, we identify a new action-research agenda. We designed the latter on
the basis of the review analysis results, in order to improve the current debate and support
the real needs of the industry. The agenda includes the following action-research directions.

• Product innovation and multifunctionality Action research should favor the specifi-
cation and implementation of new high-value quality and related product attributes
capable of obtaining a price premium for the remuneration of producers and supply
chains. In particular, the creation of innovative products with specific reference to
the local provenance of flower and plant material, underutilized and neglected lan-
draces, traditional crops, the sustainability of production methods, the socio-ecological
functionality of varieties, and arrangement techniques should be further investigated.

• Consumer analysis Advances in consumer analysis should sustain the action of high-
cost producers and localized supply systems in identifying consumers’ attitudes
and evaluating their willingness to pay in both private and institutional segments.
In this regard, specific attention should be paid to the description analysis of new
consumer profiles.

• Quality-oriented marketing strategies Action research should sustain new valuable
approaches to market segmentation and sustainable differentiation, favoring the
identification and targeting of emerging niche markets, recognizing and remunerating
specific quality attributes. Accordingly, future goals should evaluate the potential of
creating product brands, adopting origin signs and certification schemes, enhancing
products transparency, and consumer engagement. The institutional market segment
should be also considered for the valorization of high-value products and services,
with specific attention to floral design, landscaping, and urban greening. The pursuit of
higher competitiveness of high-cost domestic producers and localized supply systems
asks for in-depth research on the potential of direct or short distribution channels, also
paying attention to the role of online trade and digitalization.

• Collaborative Governance settings Research advances are needed to favor the inno-
vation and reinforcement of governance settings, both public and private. On the
public side, research should support the improvement and harmonization of policies,
standards, and legislations, at both the EU and national level. To that end, particu-
lar consideration should be given to foster the recognition and remuneration of the
strategic role of the ornamental sector in sustaining the realization of the EU Green
Deal strategy goals and of the related EU and national agricultural, social and envi-
ronmental policies, programmes, and regulations. On the private side, new forms of
coordination, cooperation, and collaboration, at both the horizontal and vertical level,
should be studied, discussed, and validated, for the enhancement of supply chains
competitiveness, guaranteeing not only a generation but also a fair distribution of
benefits, towards higher social, economic, and environmental sustainability.

• Dedicated research observatories The construction of dedicated research observato-
ries at the national or European level, committed to improving the availability of
harmonized, updated, and reliable quantitative and qualitative data, is fundamental
to support the new positioning of the ornamental sector and the implementation of
effective marketing strategies and multi-actor governance models and the realization
of participatory action-research. This could support the development of academic and
institutional research, according to the hypotheses identified by this work, and, on
the other hand, promote a more widespread ability to forecast and strategic planning
among the various actors for the realization of new competitive objectives.
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7. Conclusions

Our paper seeks to innovatively contribute to the advancement of market research
in ornamental horticulture and to the improvement of public and private action and
coordination for the enhancement of the industry-specific potential in economic, social, and
environmental terms. As a matter of fact, whereas the relevant economic debate is limited
and discontinued, we retain the development of scientific research as an essential lever,
providing a reconnection of the academy and research institutes with the real necessities of
the sector.

Therefore, our study contributes to filling the gap in the availability of structured and
theoretically sound studies and integrated data sources on ornamentals’ new consumption
trends, marketing strategies, and governance settings. To that end, this paper proposes
an innovative data framework, presenting major changes occurring in the world and
European market, and emerging big threats and opportunities, affecting the transformation
of European competitive dynamics.

As a result, this framework can be fundamental support for policymakers, business op-
erators, and industry organizations for the planning and combination of effective informed
public policies and private strategies.

Furthermore, new supporting action-research directions are identified, capable of
stimulating the interest of businesses, researchers, and institutions. Noteworthy, our
study outlines the necessity of advancing research to sustain an increase in the efforts
and collaboration of public and private stakeholders, towards a synergic combination of
new differentiation advantages and wider social and environmental goals. To this respect,
a prompt adaption and effective innovation of production and marketing strategies as well
as governance settings are seen as unavoidable.

Specifically, on the public side, EU and national institutions should increase their atten-
tion and commitment towards the investigation and realization of collaborative governance
systems, and the identification of a common strategic orientation. In that way, an effective
adaption, integration, and harmonization of EU and national policies, programmes, and
legislations should be favored, and new supporting measures and regulations should be
provided to the sector (e.g., financial and technical assistance, quality and safety require-
ments, certification and quality schemes, etc.).

In that regard, we believe particular attention should be given to the ongoing political
debate, concerning the implementation of the EU Green Deal strategy, and related Biodiver-
sity 2030 directions, fostering a new strategic role for the ornamental industry. Accordingly,
favorable adaptions of EU and national agricultural, environmental, and social policies,
can boost ornamentals demand and support an adequate reorganization of production and
trade. To that end, policymakers, together with citizens, and consumers, should be properly
informed and sensitized, to recognize ornamental industry concrete multiple values and
sustainability potential.

In line with that, on the private side, businesses and supply chains need to improve
their planning capacity and investment policies. They should develop more collabora-
tive strategic and governance approaches for the realization of win–win production and
marketing strategies and effective communication initiatives.

As a result, we expect the European ornamental industry can increase its competitive-
ness and resilience, as well as affirm its unique role in the greening of the life of present
and future generations.
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