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Abstract: Classical mutation breeding using physical factors is a common breeding method for
ornamental crops. The aim of our study was to examine the utility of ovaries excised from irradiated
inflorescences of Chrysanthemum × morifolium (Ramat.) as explants for breeding purposes. We
studied the in vitro regeneration capacity of the ovaries of two chrysanthemum cultivars: ‘Profesor
Jerzy’ and ‘Karolina’ preceded by irradiation with high-energy photons (total dose 5, 10 and 15 Gy)
and high-energy electrons (total dose 10 Gy). Growth and inflorescence parameters of greenhouse
acclimatized regenerants were recorded, and ploidy level was estimated with flow cytometry. The
strong impact of genotype on regeneration efficiency was recorded—cultivar ‘Karolina’ produced
only 7 viable shoots, while ‘Profesor Jerzy’ produced totally 428 shoots. With an increase of irradiation
dose, the regeneration decreased, the least responsive were explants irradiated with 15 Gy high-
energy photons and 10 Gy high-energy electrons. Regenerants of ‘Profesor Jerzy’ obtained from
these explants possessed shorter stem and flowered later. The highest number of stable, color
and shape inflorescence variations were obtained from explants treated with 10 Gy high-energy
photons. Variations of inflorescences were predominantly changes of shape—from full to semi-full.
New color phenotypes were dark yellow, light yellow and pinkish, among them only the dark
yellow phenotype remained stable during second year cultivation. None of the regenerants were
haploid. The application of ovaries irradiated within the whole inflorescence of chrysanthemum
can be successfully applied in the breeding programs, provided the mother cultivar regenerate
in vitro efficiently.

Keywords: Chrysanthemum × morifolium (Ramat.), flow cytometry; in vitro regeneration; mutation
breeding; ornamental plants; phenotypic variation

1. Introduction
1.1. Classical Mutation Breeding in Modern Horticulture

Although the site-directed CRISPR/Cas based technologies gain increasing interest
in the plant breeding of essential crop plants, classical mutation breeding based on the
concept of induction of random mutations, remains still an important method for breeding
of ornamental plants [1,2]. The approach is currently a common tool exploited along-
side with hybridization in the breeding programs of many crops, since it allows one to
broaden the scope of variants without profoundly changing the whole genome of valued
individuals [3]. Classical mutation breeding does not require the sophisticated molecular
laboratories equipped with expensive devices, and employees with scientific degrees in
genetic engineering; moreover, it is universal and does not demand deep knowledge of
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genes sequences, structures and functions—those advantages make it still an important
and feasible method for commercial plant breeders [4].

Despite there are plenty of cultivars in the floricultural market, with Chrysanthemum
× morifolium (Ramat.) being among the top most popular ornamentals (along with rose
and carnation), the market needs are changing annually and there is a constant demand of
novel plants creations [5]. Yearly numerous new chrysanthemum cultivars are submitted
to grant plant breeders rights (PBR) in the European organization named Community Plant
Variety Office (CPVO), being a counterpart of the patent office, for protection of breeders
property [6]. Submitted cultivars undergo the procedure of confirmation their distinctive-
ness, uniformity and stability (so-called DUS tests) in greenhouse trials. Cuttings of a given
cultivar provided by applying breeder in a specific amount (20 for chrysanthemums) are
cultivated at the CPVO department to prove its uniqueness on the base of evaluation of
their external features [7]. The main goal for ornamental breeding is to induce new traits in
the appearance of plants, namely, color of flowers/inflorescences, shape of flowers, plant
architecture and foliage variations [8]. These features can be easily changed with induced
mutagenesis, provided one is equipped with efficient protocols for mutagenic treatment
and regeneration, and with an attractive, mutable mother plant [2].

1.2. Mutagenic Treatment

Mutagenic factors deployed in plant breeding can be classified as chemical and physi-
cal mutagens. Among chemical mutagens, ethylmethanesulphonate (EMS) is utilized most
often, however, pingyangmycin (PYM), an antibiotic used for cancer treatment in medicine,
has been gaining more interest recently [9,10]. Physical mutagens, such as X- or gamma-
rays, and heavy-ion beams are more environmental-friendly than chemical mutagens, since
their utilization do not result in chemically harmful waste production. Unfortunately, the
accessibility of the devices/facilities used for irradiation treatment can be a limiting factor
for individual plant breeders. For acute irradiation of plants, there are usually utilized
devices owned by national atomic agencies or scientific institutes [11,12]. For chronic
gamma irradiation, there can be exploited so-called gamma fields or gamma-rooms, which
are in total number of four, all of them located in the Eastern Asia [13]. Alternatively,
a common microwave oven can be the source of mutagenic radiation, but the range of
variations obtained could be unsatisfactory, since no color alternations in chrysanthemum
were obtained this way so far [14].

A valuable and underestimated source of radiation for breeding purposes can be
medicinal devices used for radiotherapy in oncological treatment, where high-energy
photons and high-energy electrons are commonly applied. High-energy photons represent
electromagnetic radiation in the range of X-rays, which is characterized by high beam
energy, unlike X-rays used for diagnostic purposes in conventional X-ray machines [15].
High-energy electrons are generated with linear accelerators, and their application in tumor
therapies, particularly at the high megavoltage, have increased recently [16]. The inter-
action of high-energy photons and electrons with the matter is different, since they have
different physical nature. High-energy photons are highly penetrating, they do not possess
a charge, and are responsible for indirect ionization of the matter [17]. Although high-
energy electrons are less penetrative than photons, they produce much denser ionization
within matter, since they possess a charge and cause primarily direct ionization, followed
by secondary indirect ionization [17,18]. It is expected that due to different interaction with
matter, a different type of radiation can lead to different mutation effects in plant breeding.

One of the advantages of utilization of clinical beams for breeding purposes is high
precision of the application of radiation. The irradiated area can be accurately defined,
moreover, the total dose is being precisely calculated and the radiation is aimed at the
restricted irradiated area [16]. Consequently, if small plant parts are subjected to irradiation
treatment, the accuracy of the total irradiation dose they absorbed is very high.
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1.3. The Impact of Explant in Mutation Breeding

In induced mutagenesis various plant parts (shoots bearing buds, organs performing
adventitious regeneration and seeds) can be exposed to irradiation treatment and subse-
quently grown in vitro or/and in vivo for the expression of mutated traits [2,9,19]. In vitro
adventitious regeneration is widely used in mutation breeding, since it provides a quick
effect, relatively high variation percentage (as compared to meristem-bearing explants)
and the lack of chimera plants [20]. Regeneration from non-meristematic explants as a
method to obtain non-chimera mutants in chrysanthemums was first announced by Broert-
jes et al. [21] and had proven its applicability for many other species [22]. Numerous
studies showed various response of different species and cultivars and explant types to
regeneration efficiency—from abundant to poor [23]. Explants applied usually in the muta-
tion breeding of chrysanthemum are: fragments of leaves and internodes, pedicels, nodal
segments and less frequently, parts of inflorescences [9,11,19,24]. Ovaries have never been
used for mutation breeding since now, both in chrysanthemum and in other species.

Ovaries are female reproductive organs sized 1–1.5 mm, located at the bottom of
ligulate and disc florets in chrysanthemum. They are anchored in the receptacle and
contain a single anatropous ovule wrapped with several layers of parenchyma cells and
epidermis forming ovary wall [25].

Plant ovaries in breeding are mostly used as explants for haploids production and were
successfully employed for this purpose in several species [26]. In chrysanthemum, the at-
tempts to regenerate haploid plants from female organs were performed by Wang et al. [27]
who dissected ovules form ovaries of distant-pollinated ligulate florets and resulted in
only a single haploid plant among 2579 ovules inoculated. Miler and Muszczyk [28] elabo-
rated an efficient two-step protocol for in vitro regeneration of plants from unpollinated
ovaries dissected from ligulate florets in chrysanthemum. Unfortunately, despite the re-
generants obtained in that research showing phenotypic and genetic variation, all of them
remained hexaploids, similarly to the original ‘Capitola’, as detected by flow cytometry
ploidy analysis. The results were interpreted that the regeneration underwent from somatic
tissues [29]. Nonetheless, the inflorescence variations observed in that research, encouraged
us to deploy ovaries as explants being a source of new variability for breeding. Moreover,
surprisingly high regeneration capacity alongside with small size of the explants and their
favorable location, (i.e., tight gathering in the inflorescence receptacle) make ovaries the
convenient explants for irradiation with clinical devices.

The aim of the study was to evaluate the applicability of ovaries as explants for
classical mutation breeding purposes in chrysanthemum. We estimated the impact of
high-energy photons and high energy-electrons used as mutagenic factors on in vitro
regeneration capacity of chrysanthemum ovaries and on subsequent growth and flowering
of greenhouse cultivated plants and the ploidy of regenerants. We found out that with
this approach new chrysanthemum cultivars can be obtained and the method can be
successfully applied in the breeding programs, provided the mother cultivar efficiently
regenerates in vitro.

2. Materials and Methods
2.1. Plant Material

Two cultivars of chrysanthemum (Chrysanthemum × morifolium/Ramat.) were chosen
for the experiments: ‘Profesor Jerzy’ (pot type with large-sized, white, full and flat inflo-
rescence) and ‘Karolina’ (spray type with middle-sized, purple, semi-full inflorescence)
(Figure 1A,B). Donor plants for experiments were cultivated in a greenhouse in natural
photoperiod, without any retardant treatments.
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Figure 1. Inflorescences of the donor plants of chrysanthemums: (A) ‘Profesor Jerzy’ and (B) ‘Karolina’; (C) inflorescences
prepared for irradiation with attached plastic clay loadings, immersed in water. Receptacles, where ovaries are located, were
immersed approximately 2 cm deep. (D). Jars with inflorescences immersed in water in a polypropylene cubic container,
just before high-energy electrons treatment. (E). Intact bottom part of ligulate floret of ‘Karolina’ (left) and after cutting off
the ovary (right). (F). Ovaries placed onto Petri-dish directly after disinfection.

2.2. Irradiation Treatments

For the irradiation treatments, inflorescences of both cultivars, being at the same stage
of maturity, were chosen. The stage of inflorescences maturity was as follows: outer three
to five whorls of ligulate florets were fully developed, while internal whorls of ligulate
florets (for ’Profesor Jerzy’) or disc florets (for ‘Karolina’) were yet not fully developed.
Inflorescences were cut off with a fragment of 0.5–1 cm of pedicles to which a pieces
of plastic clay were attached to load it. Inflorescences prepared this way were put into
350 mL jars filled with distilled water to approximately half of volume, so the receptacles
were immersed about 2 cm below water surface (Figure 1C). Each jar contained three
inflorescences.

The objects were irradiated at the Oncology Center in Bydgoszcz, Poland. Conven-
tional medical accelerators from Varian Medical Systems (Palo Alto, Santa Clara, CA,
USA) were used for the experiment. Detailed characteristics of treatments including beam
properties are presented in Table 1.

Three jars with inflorescences, prepared as described above, were put into a cubic
polypropylene container filled with water (Figure 1D) and the beam accelerator was
adjusted to aim the receptacles of irradiated inflorescences. Energy of irradiation was
established at the same level for each treatment, namely 6 MeV. Inflorescences were treated
with three total doses of high-energy photons (5, 10 and 15 Gy; dose rate 3.19 Gy min−1)
and with one dose of high-energy electrons (10 Gy; dose rate was 1.42 Gy min−1). Nine
inflorescences per each treatment were used.
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Table 1. Characteristics of devices used for irradiation and treatments details.

Type of Irradiation

Characteristic High-Energy Photons High-Energy Electrons

Device Vitalbeam v. 2.7 Clinac 2300CD Silhouette
Beam energy * 6 MV 6 MeV

Total dose delivered [Gy] 5; 10; 15 10
Dose rate [Gy min−1] 3.19 1.42

Source-surface distance (SSD) [cm] 100 100
Depth [cm] 2 2

* Nominal accelerating potential (NAP) for photons.

2.3. In Vitro Regeneration from Ovaries

Irradiated inflorescences and control inflorescences (being at the same stage of matu-
rity as irradiated ones, harvested directly from greenhouse cultivated plants) were used as
a source of explants for experiment. The in vitro culture initialization was performed on
the day of irradiation treatments.

For surface disinfection, whole inflorescences were first rinsed under running tap
water for about 1 min. Subsequently, ligulate florets of the outer three whorls from ‘Profesor
Jerzy’ inflorescences, and all of the ligulate florets from ‘Karolina’ inflorescences were
carefully detached from the receptacles and incubated for 10 min in distilled, sterile water
with a drop of washing liquid. Afterwards, ligulate florets were immersed for 3 s in 70%
ethanol, incubated for 5 min in a 0.5% sodium hypochlorite solution for disinfection and
then washed two times for 5 min in sterile water.

Two-step protocol of in vitro regeneration from ovaries was performed according to
procedure elaborated previously by Miler and Muszczyk [28] and refined by Miler and
Jędrzejczyk [29]. Ovaries were cut off from the ligulate florets (Figure 1E) and put onto
MS based medium [30] induction medium (step one), supplemented with 1.0 mg dm−3

benzyloaminopurine (BAP) and 1.0 mg dm−3 2,4-dichlorofeoxyacetic acid (2,4-D), pH
established prior to autoclaving at 5.8. Eight ovaries were cultured in 10 cm diameter
Petri-dishes, 10 plates per treatment per cultivar (Figure 1F). Ovaries were cultured on an
induction medium for 12 weeks in 16 h/8 h day/night photoperiod under AP 67 LEDs (Val-
oya, Helsinki, Finland), photosynthetic photon flux density (PPFD) was 35 µmol m−2 s−1,
ambient temperature was 23 ± 1 ◦C. After the completion of induction step, percentage
of sterile explants was recorded, diameters of calli regenerated around the ovaries were
measured. Next, whole explants were transferred to glass-jars containing regeneration
medium (step two) supplemented with 2.0 mg dm−3 kinetin, 1.0 mg dm−3 indoleacetic
acid (IAA) and 4.0 mg dm−3 glycine, pH 5.8. Regeneration step lasted for 18 weeks in
16 h/8 h day/night photoperiod under fluorescent tubes (Philips, Piła, Poland), PPFD was
established at 35 µmol m−2 s−1, ambient temperature was 23 ± 1 ◦C. After the comple-
tion of regeneration step, the percentage of explants regenerating shoots, mean numbers
of shoots calculated as per inoculated and per regenerating explants were recorded for
cultivars and for treatments.

Regenerated shoots were cut off, adjusted to 3–4 cm length and transferred onto
solid rooting medium (MS based, supplemented with 2.0 mg dm−3 IAA, pH 5.8, vessels:
glass-jars) and were cultured for 10 days in the same ambient conditions as described for
the regeneration step. Along in that period plantlets produced short, having 1–2 mm of
length, root primordia.

2.4. Acclimatization and Greenhouse Cultivation of Regenerants

Regenerated plants were cultivated in a greenhouse in two successive seasons (years)
for traits expression and confirmation of their stability (recurrence of traits).

First season (2019): The rooted shoots derived from irradiated and control ovaries
were acclimatized to greenhouse conditions for two weeks. They were planted in 66-cell
trays (Figure 2) in a peat-moss based substrate with an addition of 30% of perlite, subse-
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quently covered with perforated transparent plastic film and regularly sprayed with water.
Following two weeks of acclimatization, plantlets were transplanted and further cultivated
in 11 cm diameter pots, one plant per pot. Plants grew vegetatively from June to August
in natural photoperiod, they were watered 2–4 times weekly, and fertilized according to
common practice, without pinching and retarding. Starting from September plants were
subjected to short day (night phase from 6 PM to 8 AM) to induce flowering. Ambient
relative humidity was 60–85%, day/night temperature was 22 ± 2 ◦C/18 ± 2 ◦C.

Figure 2. Cultivation of experimental ‘Profesor Jerzy’ plants in 2019. (A). Just after transplantation from in vitro culture. (B).
After acclimatization. (C). Vegetative growth. (D). Flowering stage; among white inflorescences there are visible altered
yellow ones.

The date of full flowering was recorded for each plant and plant height was mea-
sured. The type of inflorescence was indicated and the color of the inner side of florets
was recorded according to the Royal Horticultural Color Chart (RHSCC). After all the
inflorescences were harvested (in the middle of November), the shoots were cut 2 cm
above the substrate surface and plants were left for a winter dormancy period in lower
ambient temperature (10 ± 2 ◦C). Frequency of variation was estimated and expressed as
the share (%) of particular alterations in color and shape of regenerants as compared to
reference plants.

Second season (2020): Starting from March plants were watered with a weak fer-
tilizer solution to restart their growth and produced abundance of suckers, which were
allowed to grow naturally. Plants (without transplantation) continued their vegetative
and, subsequently, generative growth for the Summer and Autumn in the same conditions
as described above. At the stage of full-flowering observations of inflorescence traits
were performed, as described for year 2019. The recurrence of previous-year alternations
was recorded.

In both seasons, inflorescences of regenerant plants, which originated from irradiated
(and control) ovaries in vitro, were visually compared with the reference plants of tested
cultivar. Plants that served as the reference were produced from greenhouse vegetatively
propagated cuttings to ensured high genetic stability and true-to-typeness. The reference
plants grew in the same conditions as regenerants.

2.5. Flow Cytometric Measurements

The ploidy level of the studied chrysanthemum samples was estimated by flow cytom-
etry based on genome size analysis. The 2C DNA content was analyzed in young leaves of
the reference ‘Profesor Jerzy’ plants (propagated from cuttings in a greenhouse), control
(regenerated in vitro from non-irradiated ovaries) and the regenerants originated from irra-
diated ovaries. The samples were prepared according to the procedure described by Jedrze-
jczyk and Sliwinska [31], using Galbraith’s buffer (45 mM MgCl2, 30 mM sodium citrate,
20 mM 3-(N-morpholino)propanesulfonic acid and 0.1% (v/v) TritonX-100, pH 7.0; [32]),
supplemented with propidium iodide (PI 50 µg/mL), ribonuclease A (RNase A 50 µg/mL)
and 2.0% (w/v) antioxidant polyvinylpyrrolidone (PVP-10). For each sample, the genome
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size was measured in 5000–7000 nuclei using a CyFlow Ploidy Analyser (Sysmex Partec
GmbH, Görlitz, Germany) and linear amplification. The histograms were analyzed by
the CyFlow Cube program (Sysmex Partec GmbH, Görlitz, Germany). The nuclear DNA
content was calculated using linear relationship between the ratio of 2C peak position of
chrysanthemum samples and the internal standard (Vicia faba ‘Inovec’; 2C = 26.90 pg; [33]),
on the histogram of fluorescence intensities.

2.6. Statistical Analyses

As for the regeneration, two-way ANOVA was performed to study the effect of
genotype and irradiation treatments (type and dose). The in vitro experiment was designed
as completely randomized with 10 replications, eight explants per replication, which gave
80 explants per treatment, 800 in total (two cultivars and five irradiation treatments).

Since ‘Karolina’ cultivar produced very few shoots in vitro, greenhouse biometrical
measurements and analyses of the impact of irradiation treatments on the growth and
development of greenhouse cultivated plants were performed exclusively for ‘Profesor
Jerzy’ cultivar. All plants producing flowers in 2019 year were taken into data analysis (in
total: 354). Data referring to stem length and number of days to flower (from start of the
short day up to first inflorescence fully developed) were analyzed with one-way ANOVA.

Density plots for plant height and number of days to flower were created on the
base of histograms for real data and fitted to normal distribution according to the com-
mon algorithm. Data expressed as share (percentage) were statistically analyzed after
Freeman-Tukey’s transformation, results presented in plots are the real data. The differ-
ences between means were post-hoc verified with Duncan’s test at p ≤ 0.05. Statistical
analyses were performed with the application of Statistica 13.3 software package (Tibco,
Palo Alto, CA, USA).

3. Results
3.1. The Influence of Irradiation Dose and Type on In Vitro Regeneration from Ovaries

There was a clear evidence of strong genotype impact on the capability to form shoots
from irradiated and control ovaries in chrysanthemum. Although ‘Karolina’ overgrew
with more abundant callus in the induction step (average 33.3% more callus than ‘Profesor
Jerzy’ as measured by callus diameter), it failed to produce shoots in the regeneration step
(Figures 3 and 4).

There were totally only seven viable shoots regenerated from ‘Karolina’ in contrast to
‘Profesor Jerzy’, which produced in vitro during the same period and in the same conditions
a total number of 428 shoots (Figure 4). Moreover, the first shoots of ‘Profesor Jerzy’ were
formed as soon as in the seventh week after inoculation, actually during the induction
step, while the first ‘Karolina’ shoot was visible as late as in the 15th week of regeneration
step, it is 27 weeks after inoculation. For ‘Karolina’ the mean share of explants producing
shoots was 2.9%, while for ‘Profesor Jerzy’ it was 66.6% (Figure 3), mean numbers of shoots
regenerated from ovaries as calculated per inoculated and per regenerating explant were
for ‘Karolina’ 0.03 and 0.18; for ‘Profesor Jerzy’ 1.27 and 1.80, respectively. All shoots
emerged from callus formed around the ovaries.
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Figure 3. The effect of genotype (left plots) and dose and type of irradiation with high-energy photons and electrons (right
plots) on the in vitro regeneration characteristics of chrysanthemum explants after 12 weeks of induction step (for callus
diameter) followed by 18 weeks of regeneration step. In case of irradiation type and dose impact on the callus diameter it
was calculated for both studied cultivars (‘Profesor Jerzy’ and ‘Karolina’) while share of explants regenerating shoots and
average numbers of regenerated shoots were calculated exclusively for ‘Profesor Jerzy’. Means followed by the same letter
do not differ significantly at p ≤ 0.05, whiskers indicate SE.
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Figure 4. Explants of two cultivars with shoots regenerated after 17 weeks on the regeneration medium. Arrow indicates a
single shoot in ‘Karolina’ culture.

Irradiation dose and type exerted profound impact on the ovaries regeneration capa-
bility. The diameter of callus formed from explants treated with 5 Gy high-energy photons
was the highest (8.7 mm) and significantly different than the control and 15 Gy photons
treated ovaries (in these two cases the diameter was similar, around 7.2 mm) (Figure 3).
This effect might be due to enhancing influence of low dose of irradiation on the process of
callus regeneration. The percentage of explants regenerating shoots was adversely affected
by the dose and type of irradiation (Figure 4). Non-irradiated ovaries produced shoots in
91.25%, while less than half of the explants irradiated with the highest dose of high-energy
photons and electrons regenerated shoots (44.44% and 48.75%, respectively). Similarly,
with an increase of dose decreased mean numbers of regenerated shoots per explant. For
control explants it was 2.23 (2.43 as calculated per regenerating explant), while for 15 Gy
photons and 10 Gy high-energy electrons it was 0.75 and 0.68, respectively (1.63 and 1.39,
respectively, as calculated per regenerating explant)—that is several times lower than in
the control (Figure 3).

Interestingly, the impact of irradiation treatments on the sterility of the explants
was noticed and statistically proved (Figure 5). It can be stated, that with growing dose
of irradiation, the percentage of sterile explants increased (gradually, from 55% in 5 Gy
photons to 70% in 15 Gy photons), and the highest (full) sterility was achieved for 10 Gy
high-energy electrons treated ovaries (comparably with the control).

Figure 5. An effect of irradiation with different doses of high-energy photons and electrons on the
share of sterile chrysanthemum explants. Data followed with the same letter do not differ significantly
at p ≤ 0.05.
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3.2. The Influence of Irradiation Dose and Type on Greenhouse Growth and Development of
Ex Vitro Derived Chrysanthemum Plants

Due to the fact, that only a few shoots regenerated from ovaries of ‘Karolina’, and the
shoots emerged considerably later—statistical analyses of cultivation results, phenotype
observations and flow cytometry analyses were performed exclusively for ‘Profesor Jerzy’
cultivar.

From the total number of 428 shoots regenerated in the in vitro cultures, 89.18% were
successfully acclimatized and intended for the greenhouse cultivation.

Significant impact of the irradiation on the ability to produce flowers was observed
in the first year of cultivation (Figure 6). Plants originated from 15 Gy photons and 10 Gy
electrons formed flowers at lowest percentage (80.9% and 78.0%, respectively), while plants
originated from other treatments produced flowers between 95.1% and 100%. However,
this effect was diminished in the second year of cultivation—almost all plants flowered,
irrespectively to the treatment.

Figure 6. Number and share (%, in brackets) of flowering chrysanthemums of ‘Profesor Jerzy’ in
two successive years as influenced by the dose and type of irradiation applied towards ovaries
from which the plants were derived. Means for each year followed by the same letter do not differ
significantly at p ≤ 0.05. Upper-case for 2019, lower-case for 2020.

An interesting effect of enhanced growth by a low dose of irradiation was observed
regarding to plant’s height (Figure 7A,C). Plants originated from ovaries irradiated with
5 Gy photons were the highest (18.69 cm), 10 Gy photons plants were medium-sized
(17.25 cm), while 15 Gy photons and 10 Gy electrons originated plants were the shortest
(15.79 and 16.33, respectively). Moreover, as shown on the density plots, the range of
plants height was broader for the latter (from 6 to 26 cm) as compared to narrow plots
for control and 5 Gy photons originated plants (12–24 cm). In a group of plants obtained
from ovaries treated with the highest dose of photons and electrons, short plants with
short internodes were observed. Their shoots often formed a kind of rosette, on which
top a small inflorescence was developed. This effect was overcome in the second year of
cultivation, when almost all plants produced typical shoots.

Plants obtained from explants treated with 10 Gy electrons had significantly delayed
period of flowering, they were at the stage of full blooming about two days later than
the other plants (Figure 7B,D). Similarly, as for plants’ height, the range of days to flower
in these plants was broader, from 50 to 67, while other plants produced flowers more
uniformly in time—from 52 to 64 days.
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Figure 7. Effect of dose and type of irradiation with high-energy photons and electrons on subsequent in vivo growth and
flowering of chrysanthemum ‘Profesor Jerzy’ plants originated in vitro from irradiated ovaries (first season, year 2019):
plant height (cm) (A,C) and flowering time expressed as number of days required to full blossom (B,D). For (A,B): means
followed by the same letter do not differ significantly at p ≤ 0.05, whiskers indicate SE. For (C,D): density plots were
calculated according to normal distributions on the base of real frequency of observed individuals.

Considering the impact of the irradiation treatments of explants on the phenotypical
changes in plants regenerated from them, we focused on the inflorescence traits, since
they are qualitative, objective and easy to be observed without any doubts. Moreover, the
inflorescence appearance is at the top of the interest of ornamental plants breeders.

All reference plants, which were propagated vegetatively without in vitro phase,
produced true-to-type inflorescences: full, white, with flat ligulate florets. For ex vitro
regenerants three main alternations were observed: complete change of color, change of
shape (predominantly to semi-full inflorescence with visible disc florets) and presence of
yellow lines/sectors on white inflorescences (Figures 8 and 9).
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Figure 8. Frequency of variation expressed as the share (%) of particular alternations of inflorescence
traits in flowering ‘Profesor Jerzy’ chrysanthemum plants, originated in vitro from explants irradiated
with different doses of high-energy photons and high-energy electrons. Means followed by the same
letter do not differ significantly at p ≤ 0.05 (upper-case: changed color of the whole inflorescence,
lower-case: changed shape), whiskers indicate SE. Results for yellow sectors/lines on inflorescences
did not differ significantly.

The share of inflorescences with shape change increased with the dose of irradiation—
among control plants only 6% were of different shape, while among 15 Gy photons and
10 Gy electrons the share of shape-changed plants was 28.9%. Yellow sectors or lines were
observed at a mean value of 5.4 in all regenerants, irrespectively to dose and type of
irradiation; none of them were present in reference plants.

Complete change of inflorescence color was observed only in plants obtained from
irradiated explants and the share was the highest in 10 Gy photons originated plants.
The variations of color in the tested cultivar were mainly two: yellow (in two hues) and
pinkish (Figure 9). Light yellow variation was unstable and did not occur in the second
year of cultivation (Table 2); plants which expressed it in the first season, produced white
inflorescences in the second season. Adversely, pinkish inflorescences appeared in the
second year of cultivation in four plants, which were white colored in the first one. Dark
yellow color of inflorescences recurred in the second year. Moreover, its stability was
confirmed in several vegetative multiplications with cuttings, which were conducted
additionally to increase the number of these interesting and valuable mutants.

As considered totally, the share of not-true-to-type plants was significantly higher in
plants originated form irradiated explants than from control (Figure 10). The inflorescence
variations (shape and color together) predominantly recurred in the second year, except for
15 Gy photons originated plants—the recurrence was below 90% in this group.

It is worth mentioning here, that five out of seven ovary originated shoots of ‘Karolina’
were successfully, though later than ‘Profesor Jerzy’, acclimatized and in the second year
of cultivation they produced flowers. Among them, four were true-to-type and one
was bearing an attractive, orange-red inflorescence (regenerated from 15 Gy high-energy
photons irradiated ovary, Figure 11).
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Table 2. Share (%) and number (in brackets) of ‘Profesor Jerzy’ inflorescences representing different, non-chimerical colors
depending on the irradiation treatment of original in vitro explants. Data shown for two successive years from green-house
cultivation of the same plants. White color is typical for the reference inflorescence.

Inflorescence Color Control 5 Gy Photons 10 Gy Photons 15 Gy Photons 10 Gy Electrons

Year 2019

White 100 (149) 97.1 (68) 93.1 (54) 94.7 (36) 97.4 (38)
Dark yellow - 2.9 (2) 3.4 (2) 2.6 (1) -
Light yellow - - 1.7 (1) 2.6 (1) -

Pinkish - - 1.7 (1) - 2.6 (1)

Year 2020

White 100 (153) 97.1 (68) 93.3 (56) 93.5 (43) 96.0 (50)
Dark yellow - 2.9 (2) 3.3 (2) 2.2 (1) -
Light yellow - - - - -

Pinkish - - 3.3 (2) 4.3 (2) 4.0 (2)

Figure 9. Types and colors of inflorescences of ‘Profesor Jerzy’ obtained in experiment as a result of
regeneration from ovaries irradiated with high-energy photons and electrons in various doses. (A)
Reference phenotype—white (155 D *), full inflorescence with open, flat ligulate florets. (B) White,
full inflorescence with light yellow sector (arrow). (C) White, full inflorescence with multiple yellow
lines on ligulate florets (arrows). (D) White, semi-full inflorescence. (E) Light yellow (4 C), semi-full
inflorescence. (F) White (155 D), full inflorescence with ligulate florets grown in tubes with ragged
endings. (G) Pinkish (69 D), full inflorescence. (H) Dark yellow (RHSCC: 5 A), full inflorescence.
(I) Light yellow (4 C), full inflorescence. * Color codes were indicated with the Royal Horticultural
Society Color Chart.
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Figure 10. (A): Frequency of variation as an effect of irradiation with high energy-photons and high-energy electrons on the
total share (%) of ‘Profesor Jerzy’ plants with changed inflorescence traits (color or shape) in two successive years. Means
followed by the same letter do not differ significantly p ≤ 0.05 (upper-case for 2019, lower-case for 2020), whiskers indicate
SE. (B): The recurrence of the inflorescences traits in the second year of cultivation expressed as the share (%) of plants
flowering both in 2019 and 2020, which recurred their inflorescence traits (color and shape). Means followed by the same
letter do not differ significantly at p ≤ 0.05, whiskers indicate SE.

Figure 11. ‘Karolina’ reference phenotype (A): semifull, flat ligulate florets, purple color (71 B *),
and the sole mutant obtained after treatment with 15 Gy high-energy photons (B): semifull, curved
ligulate florets, orange-red color (42 B). * Color codes were indicated with the Royal Horticultural
Society Color Chart.

3.3. 2C DNA Results

The mean genome size obtained for the hexaploid reference Chrysanthemum × mori-
folium ‘Profesor Jerzy’ was 17.74 pg/2C, for the control plants amounted 17.77 pg/2C,
whereas from irradiated plant material ranged between 16.78 and 17.46 pg/2C DNA con-
tent indicating that they were also hexaploids (Figure 12). Thus, it can be concluded that
regeneration of shoots was induced from somatic tissues of ovaries, most probably the
ovary wall, not from the ovule constituents.
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Figure 12. Selected histograms of the nuclear DNA content obtained after flow cytometric analysis
of chrysanthemum plants and internal standard of Vicia faba; (A): reference of Chrysanthemum ×
morifolium ‘Profesor Jerzy’ and (B): an example of regenerant derived from 10 Gy high-energy
electrons treated ovary.

4. Discussion

Most contemporarily cultivated Chrysanthemum × morifolium cultivars possess
2n = 6x = 54 chromosomes [5], so did ‘Profesor Jerzy’, both cultivated in green-house
from cuttings (reference plants) and regenerated from ovaries. This shows, that no regener-
ation from ovule sac underwent, and no haploid plants were created, as revealed by flow
cytometric analysis—the most reliable method of quick ploidy/genome size estimation [34].
In the two-step protocol applied in this current study, regenerants were originated with
the highest probability from somatic tissues of ovary wall that first formed callus from
which shoots arose. It was confirmed by our observations—we still found intact ovules
overgrown with callus in 12 week-old ovary explants (unpublished data). Throughout
all of the years and numerous attempts made by various scientists [27,28], there had not
been elaborated an efficient protocol for the routine regeneration of haploid plants in
chrysanthemum, unlike for the other species, both by gyno- and androgenesis [35].

In case of our approach, although ovaries did not produce haploids (which was not
the intention here), they served as convenient irradiation objects. Their placement in an
inflorescence, gathering plenty of them in one plane, and good regeneration potential are
the attitudes of ovaries as explants used for mutation breeding purposes in chrysanthemum.
The small size of an ovary, and the regeneration from thin layer of tissue wrapping ovule,
resemble the concept of thin cell layer (TCL) culture [36]. In principal, TCL explant is
under 2 mm in thickness and, due to its enhanced regeneration capacity evoked by plant
growth regulators, and freeing from the impact of donor plant, it can easily be managed to
regenerate in desired directions [37].

In vitro regeneration of shoots from non-meristemic explants as a method to obtain
non-chimerical mutants in chrysanthemums was first announced by Broertjes and co-
workers in the late 70s [21]. The technique has proven its applicability for many other
species and is nowadays widely used in practical breeding [38]. Numerous studies show
various response of cultivars to regeneration from non-meristemic explants—from abun-
dant to poor [9,19,23,24]. Leaves, internodes and less frequently—receptacles or ligulate
florets are the common explants applied in the approach [23,39–41]. Nobody has used
ovaries for mutation breeding before, both in chrysanthemum and in other species.

We succeeded with the formation of novel traits of inflorescences after irradiation,
meanwhile some chimera plants possessing yellow sectors on white inflorescences ap-
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peared in the group of plants regenerated from ovaries, irrespectively to irradiation treat-
ment. At the same time, yellow sectors were not present in the reference plants propagated
with cuttings. Sectorial chimeras in chrysanthemum result from a partial mutation of
a meristem [42]. In our study this phenomenon can be explained with generally higher
mutability of ovary-derived plants, nonetheless it requires further investigations.

The success of classical mutation breeding is defined by a high number of new, desired
forms of the cultivar originated from a relatively small number of mother plants or explants.
As reviewed by Jo and Kim [3], the frequency of variations depends on many factors, among
them linear energy transfer (LET), irradiation type and dose, and type of irradiated tissue
are the most influential. In our study, the dose and type of irradiation exerted a pleiotropic
effect on plants. Irradiation treatments affected in vitro regeneration efficiency, flowering
ability and date, plant height retardation and stable change of inflorescence shape and color.
According to studies performed in the field of medical sciences, the effects of radiation
in living organisms can be classified as deterministic and stochastic [43]. In our study,
we observed mostly stochastic effects, which are correlated with the dose increase, e.g.,
gradual decrease in regeneration capacity, retardation effect on stem length and increased
share of semifull inflorescences. The inflorescence color change was evoked by all doses
of high-energy photons and electrons, but the significantly higher share of color change
was present in 10 Gy photons originated plants. This may suggest a presence of specific
threshold of the dose, above which the mutation frequency does not increase, and is typical
for deterministic effects.

An example of temporary effect of irradiation was the partial disability of plants to
produce flowers in the first year of cultivation. This influence erased in the second year of
cultivation and could be an effect of epigenetic factors [44]. The fact, that this effect was
induced several months before, in irradiated ovary tissues, and was transmitted through
in vitro culture phase and further greenhouse growth, is particularly interesting. The
transition ability of epigenetic changes through in vitro culture to in vivo conditions was
detected in Doritaenopsis [45].

Another unstable effect was the presence/absence of light yellow and pinkish inflo-
rescences. The lowest recurrence of this trait was observed in 15 Gy high-energy photons
originated plants. Color of inflorescences in chrysanthemums is determined by the pres-
ence of anthocyanins and carotenoids in (mainly) ligulate florets [46]. Florets are formed
with two histogenic layers: L1 and L2. Anthocyanins expression occurs in L1 exclusively,
while carotenoids can be observed in either one or both layers [47]. It can be assumed,
that light yellow color of inflorescence was unstable, since plants bearing it were periclinal
chimeras, with carotenoids only in one layer of florets. Such chimeras possess usually
stable phenotypes, repeating their pattern via vegetative propagation [48]. However, in
our experiment branching in the second year of cultivation resulted in the loss of the light
yellow phenotype. It can be concluded that probably unmutated tissues had dominated
the mutated ones in lateral meristems, leading to their extinction [20]. The instability
of pinkish inflorescences is much harder to explain, since they appear and disappear in
both years of cultivation, this trait requires more observations in following vegetative
generations. However, an unstable, specific DNA-methylation pattern could be a possible
explanation [44].

The goal of high frequency of variation can be achieved only in case many favor
factors meet together to respond the need. Among these factors, highly responsible for
the guarantee of success are the genotype of the mother plant and its regeneration capabil-
ity [49]. Throughout many years of practical experiments in mutation breeding it has been
proved, that the greatest number of color mutants arise from mother plants with purple
violet inflorescences, which can mutate to form white, yellow, red, brown and orange
inflorescences of different hues [2]. Nonetheless, to reveal the potential of color mutations
of mother genotype, the plant must proliferate following the mutagenic treatment. In our
study, one cultivar—‘Karolina’, having a promising potency for color change, failed to
regenerate. Nonetheless, among only few (namely: seven) shoots produced from irradiated
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ovaries, one appeared to be an attractive color mutant. On the contrary, the second cultivar
‘Profesor Jerzy’ showed excellent regeneration performance, however the inflorescence
color variations were few, which is in line with the reported potency of white cultivars
for color change [2]. The results encourage to develop the protocol of regeneration from
ovaries for cultivars potentially attractive as mother plants, but reluctant to regeneration.

Regeneration capacity in our experiment was negatively correlated with the dose and
type of irradiation: the higher the radiation dose, the lower the regeneration efficiency.
A similar effect was observed in the experiments carried out with ion beams (0–40 Gy)
and gamma rays (15–60 Gy) applied on chrysanthemum leaf explants; with a total dose
increase the regeneration decreased [11,50]. However, it was found in rice that the lower
the survival rate after irradiation treatment, the higher the mutation frequency [51]. It is in
line with our results: with the decrease of regeneration capacity, the variation frequency
increased. We observed the highest variation frequency in plants regenerated from 10 Gy
high-energy electrons and 15 Gy high-energy photons treated ovaries—both reduced the
share of explants regenerating shoots by half showing total variation frequency at 36.8%
and 34.2%, respectively.

In our study, there was a considerable prolongation of inflorescence bud development
in 15 Gy high-energy photons and 10 Gy high-energy electrons originated plants. In
somaclones of three chrysanthemum cultivars obtained from protoplast regeneration, it
was observed a delay in a retention time (number of days between the start of the short day
and the presence of fully developed inflorescence) in some of the individuals [52]. In terms
of floricultural practice, longer period of inflorescences development is disadvantageous,
since the costs of yield production increase. Unfortunately, mutations either induced or
spontaneous, often lead to unfavorable changes.

Interestingly, the effects of 10 Gy high-energy electrons were stronger in case of
parameters such as decrease in regeneration capacity, stem length retardation, flowering
delay and flowering disability, in comparison to the effects of 10 Gy high-energy photons,
and similar to 15 Gy high-energy photons. The nature of action of high-energy electrons is
physically different than high-energy photons [53].

High-energy photons are highly penetrating, they do not possess a charge, and are
responsible for indirect ionization of the matter, while high-energy electrons are less
penetrative than photons and they produce much denser ionization within matter, since
they possess a charge [17,18]. Although the irradiation treatments were asset to the same
beam energy of all treatments, due to different way of action in tissues the effects are
different for different types of irradiation. The high-energy electrons, although they exerted
a significant impact on the regeneration and flowering time, did not increase the probability
of novel stable color mutants creation. In previous studies performed by Yamaguchi and
coworkers [11] the application of charged particles for mutagenic treatments, i.e., carbon
and helium ion beams at much higher beam energy than in the present study (100–320 MeV),
resulted in higher frequency of flower color mutations in chrysanthemum as compared to
gamma rays. There has not been any research on the application of high-energy electrons
in induced mutagenesis in chrysanthemum since now. The efficient deployment of this
type of irradiation in mutation breeding needs to be developed.

Additional side effect of the irradiation with different doses and types of radiation
was the effect of sterilization enhancement. Since ovaries are ex vivo taken explants, they
need surface disinfection prior to culture initialization. The manipulation of irradiated
inflorescences, loading them with plastic clay, transportation to the place of irradiation
caused lower sterility of explants as compared to directly taken, non-irradiated ovaries. The
exception were explants treated with high-energy electrons, which showed 100% of sterility.
One of the applications of ionizing radiation is the process of industrial sterilization, in
which high-energy photons and high-energy electrons are commonly deployed [17]. High-
energy photons have better matter penetration ability than electrons, although the latter
exert stronger effect with direct ionization. In our studies high-energy electrons enhanced
the disinfection effect more than high-energy photons.
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5. Conclusions

Irradiation of the whole intact inflorescences and further utilization of ovaries excised
from them as explants in classical mutation breeding can be efficiently used for chrysanthe-
mum, provided good regeneration response of the mother cultivar. The advantages of this
method are: (a) high amount simultaneously irradiated explants due to ovaries location
within inflorescence, (b) high of in vitro regeneration efficiency in responsive cultivars and
(c) satisfactory frequency of stable color and shape mutants. For irradiation treatments
we recommend high-energy photons of the total dose delivered at 10 Gy (beam energy at
6 MeV, dose rate at 3.19 Gy min−1), which were the most effective in the induction of stable
inflorescence color and shape mutations, without undesirable side effects like retardation
or prolongation of cultivation time due to later flowering.

Elaboration of regeneration protocols from ovaries for other members of Asteraceae
family will contribute in wider application of this approach in commercial plant breeding
and enriching the pool of novel, attractive ornamental cultivars.

6. Patents

As a result of these research, two new Chrysanthemum × morifolium (Ramat.) cultivars
were submitted to plant breeders’ rights (PBR) at the Community Plant Variety Office
(CPVO) in Poland, so far.

The first cultivar, denominated as ‘UTP Bydgoska Nostalgia’ was granted with PBR on
8 March 2021, registered at the application number O O2063. The cultivar is inflorescence
shape mutant obtained from control ovaries, with ligulate florets grown into tubes with
torn endings.

The second cultivar, referenced by breeder as UTP Jerzy mutant 12, was submitted
for distinctness, stability and uniformity (DUS) tests, the application is being proceeded.
The cultivar is dark yellow mutant with incurved ligulate florets, obtained from 15 Gy
high-energy photons irradiated ovaries.
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