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The carnation (Dianthus caryophyllus, 2n=30) is globally one of the top three cut
flowers of commercial importance and is often used for Mother's Day. It belongs to
Caryophyllaceae family, originates in the Mediterranean, and is cultivated globally
(Anonis,1985; Reddy, 2016). Many variations in flower color, flower shape, and plant
posture (standard or spray type) were produced to meet the high demand for occasions,
such as Mother’s Day and other annual events. Carnations are rich in color and flowers.
They bloom year-round in the greenhouses. In addition to being used as cut flowers,
they can also be used to beautify gardens and parks. Carnations are suitable for growing
at 14-21°C. Carnations are usually vegetatively reproduced by cutting because of their
high heterozygosity and low seed production efficiency. The complex genetic
background associated with heterozygosity complicates breeding. In carnation breeding,
crossbreeding and on-bud mutations were the main methods used to date.

As mentioned above, almost all carnation varieties reproduce vegetatively and
genetically as heterozygotes. If the heterozygous cultivar is selected as the origin for
transformation, To plants should be propagated vegetatively to avoid the segregation of
traits other than those of the target. In this case, stock maintenance is time-consuming.
If a homozygote was selected, we could obtain T> homozygous seeds that could be
easily preserved to facilitate genetic analysis. Some of the cultivars used for seed
propagation are commercially available. Among them, not F; but pure bred variety can
be used as homozygous materials. The ‘Chabaud Giant’ variety (Fukukaen Nursery &
Bulb Co., Ltd., Aichi, Japan), intended for seed propagation, is nearly homozygous as a
pure bred variety, exhibiting little variation.

Establishment of a regeneration system using tissue culture is the basis for plant gene

transformation. Regenerated plants were obtained from many types of explants,
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including stem tips, axillary buds, leaves, petals, sepals, ovules, pollen, protoplasts, and
somatic cells. Additionally, the conditions for callus induction differed among the
varieties. However, currently, the main regeneration system of carnations is the direct
regeneration of adventitious shoots, whereas regeneration through callus and somatic
embryogenesis was rarely reported (Nontaswatsri et al., 2002). Shoot or root formation
from calli is required for transformation experiments to avoid the production of
chimeric regenerants. However, the use of homozygotes as experimental materials for
tissue culture has not yet been reported. Hyperhydricity, which suppresses shoot
formation and acclimatization, is a serious problem for carnation growth in vitro.
However, no perfect approach existed to solve this problem thus far (Yadav et al., 2003).
Therefore, establishing a callus-mediated regeneration protocol using homozygous
carnations as the plant material is important for future experiments.

Anther culture is one of the methods used to obtain homozygous plants and offers a
considerable time advantage over traditional hybridization methods. The study of plant
pollen began in 1953. Tulecke (1953) cultured mature pollen of Gingo biloba and
induced calli. Guha and Maheshuari (1964) obtained embryoids and regenerated plants
from anther culture of Datura inoxia. Anther culture techniques were applied to a
variety of plants, and haploid plants such as datura and tobacco were obtained from over
250 plants using anther culture (Maluszynski et al., 2003). As most carnations are
heterozygous, this is a disadvantage for the breeding of new varieties and genetic
research in carnations. Obtaining homozygous carnations will be highly significant for
future research. However, successful anther culture in carnations has not yet been
reported. With the whole genome of the carnation variety ‘Francesco’ was sequenced,

obtaining a homozygous ‘Francesco’ through anther culture would greatly facilitate the
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transformation studies, including genome editing.

New varieties are primarily developed through crossbreeding, natural variation, and
artificially induced variation using methods such as radiation and chemical treatments
(Henderson and Salt 2017). Crossbreeding is the main approach used to create new
carnation varieties meeting commercial demand. However, this methodology requires a
large amount of labor and is time consuming. Recently, genome editing has emerged as
a novel technology to overcome these problems, making the generation of new plant
genotypes with accurate trait modifications possible in less time. Genome editing
technology uses artificially designed and modified nucleases to make precise targeted
modifications to the genome, including targeted gene knock-in, functional gene
knockout, and targeted fragment replacement. These sequence-specific nucleases are
divided into three main types: zinc-finger nucleases (ZFNs), transcription activator-like
effector nucleases (TALENSs), and the clustered regularly interspaced short palindromic
repeat/CRISPR-associated protein 9 system (CRISPR/Cas9). Among these, the
CRISPR/Cas9 system has become a popular gene editing system and is widely used
because of its simple vector construction and high editing efficiency. CRISPR/Cas9 uses
Cas9 and target site-specific gRNA to cut the genome, form a double-strand break (DSB)
at the designed target site, and modify the DNA sequence using the DSB repair process.
Furthermore, CRISPR/Cas9 genome editing can prevent transgenesis, which may help
avoid public and administrative concerns regarding the cultivation and
commercialization of genetically modified crops. In 2012, the CRISPR/Cas9 system
was first demonstrated in mammalian cells and has since been utilized in plants. Since
its success in plants in 2013, the CRISPR/Cas9 system has been used in rice, wheat,

Arabidopsis, tobacco, tomato, corn, bean, and petunia many other plants (Gao et al.,
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2019). However, a successful study in carnations has not been reported, except for two
articles (Adedeji et al., 2024; Mori et al. 2024). For studying carnations and to improve
their quality in the future, it would be meaningful to establish a CRISPR/Cas9 genome
editing system.

The study objective was to establish a regeneration system using a homozygous
carnation variety, obtain homozygous carnations by anther culture using a heterozygous
variety as the experimental material, and develop a CRISPR/Cas9 genome-editing
system in carnations using the PDS as a target gene.

In chapter 2, the effects of four auxins (indole-3-butyric acid, IBA; a-naphthaleneacetic
acid, NAA; 2,4-dichlorophenoxyacetic acid, 2,4-D; and 3-indoleacetic acid, [AA) and
five cytokinins (6-benzyladenine, BA; thidiazuron, TDZ; kinetin, KT; zeatin; and
N6¢-2-isopentenyl adenine, 2IP) on callus and shoot induction were evaluated with
homozygous carnation varieties. The combination of 0.05 mg/l 2,4-D and 4 mg/l TDZ
had the highest shoot formation rate (28 %). Shoot hyperhydricity was reduced by
increasing the size of the culture vessels. Root formation from shoots was promoted in
the presence of IBA, NAA, and KT. Sucrose, agar, and AgNO3 concentrations as well as
pH was optimized to facilitate regeneration.

In Chapter 3, the conditions for anther culture were optimized to obtain a pure line from
a heterozygous carnation variety, ‘Francesco,” whose genome sequence was released.
When the type of phytohormone and its concentration were examined, 1.0 mg/l TDZ
and 0.5 mg/l 2,4-D showed the highest efficiency for induction of callus and shoots.
Induction was facilitated by cold pre-treatment for 2 days. The ploidy of anther-derived
shoots was examined by PCR using SSR markers and ploidy analysis by flow cytometry.

Haploids, doubled haploids, and tetraploids can be obtained from an established anther



(K4 : LIZHONGJIAN NO. 5)

culture.

In Chapter 4, the CRISPR/Cas9 genome editing system for carnations was established
using a homozygous carnation variety and phytoene desaturase (PDS). Hygromycin
(12.5 mg) was used as the selection agent after Agrobacterium-mediated transformation.
Finally, the PDS gene was knocked out using the CRISPR/Cas9 system. The albino
shoots had a one-base deletion or two-base insertion in the genome sequence. This
indicates that the CRISPR/Cas9 genome editing system for homozygous carnations was

successfully established, which may contribute to the rapid breeding of new varieties.
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