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Abstract: Many cultivars of annual ornamental horticulture have great phenotypic qualities but
are less tolerant to the effects of current climate change and urbanization. A good example of this
in Hungarian ornamental breeding is the Rudbeckia hirta cultivar “Őszifény”. The objective of this
study was to determine whether gamma mutation breeding (using 5 Gy, 10 Gy, 30 Gy doses) can be
employed to enhance genetic variability and create mutants with novel trait values. Furthermore, it
is important to ascertain whether the altered genetic traits are proportionate to the observed changes
in phenotype. As an original and innovative aspect of the research, this will assist in establishing
appropriate dose rates for the species. Changes induced by gamma radiation have been mapped
using morphological, histological, and genetic methods. The radiation dose of 5 Gy resulted in
plants with the most favorable characteristics, including significant increases in branching and flower
number. Additionally, the phenomenon of hormesis was observed. Beyond these, the dose of 30 Gy
also had a significant effect because it resulted in plants with many flowers and bushy habits, making
them suitable for use as ornamental potted plants. The 10 Gy dose resulted in a heterogeneous stand
but showed the greatest genetic variation. These results may contribute to future breeding work and
may pave the way for further urban application of R. hirta in the light of urbanization.

Keywords: Rudbeckia; ornamental; gamma; mutation; breeding; histology; molecular markers; start
codon targeted; conserved DNA-derived polymorphism

1. Introduction

The demand for ornamental plants is expected to increase in the future due to the
growth of global trade [1–3]. Nowadays, interactions with urban green infrastructure
largely define people’s encounters with nature within cities [4]. The continuous introduction
of new species and cultivars remains a focal point in ornamental horticulture [5].

1.1. Possibilities for Mutation Breeding in Ornamental Plants

The genetic variability of ornamental plants cannot be considered as satisfactory,
which means that some older cultivars are not able to compete with the current challenges.
For instance, they are less suited to perform well in highly stressed urban environments.
The maintenance of these cultivars, as well as the introduction of new ones, is driven by
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market needs, which require rapid techniques that provide high genetic variability, such as
mutation breeding.

Mutation breeding is more successful in ornamentals because phenotypic traits, such as
changes in flower color, shape, and size and growth habits, are easily detected. In addition,
the heterozygous nature of many ornamental plants offers high mutation frequencies. In
the last two decades, ion beam radiation has emerged as an effective and unique mutagen
in ornamental plant development, as it produces higher mutation frequencies compared
to X-ray and gamma radiation [6]. Scientific interest in mutation breeding has declined
dramatically over recent decades and has shifted toward the development and application
of molecular technologies, and plant breeding has become less important [7]. Nevertheless,
these methods are sometimes laborious and complex, especially when trying to improve
desired traits without inducing pleiotropic effects. Recently, targeted genome editing (TGE)
technology has been used to engineer nucleases, including meganucleases, zinc finger
nucleases (ZFN), transcription activator-like effector nucleases (TALEN), and regularly
interspaced short palindromic repeat (CRISPR) nucleases to improve traits in economically
important crops. TGE has emerged as a new plant breeding tool, representing an alternative
approach to classical breeding but with greater mutagenic efficiency [8].

Mutagenesis techniques have been integrated into in vitro breeding and other molec-
ular biology technologies, such as molecular markers and high-throughput mutation
screening [9]. Mutagenesis has been used to introduce new genetic variations in ornamen-
tal plant breeding for several decades [10,11]. This is why ornamental plants seem to be
ideal for mutation breeding, as many traits of economic importance, i.e., flower traits or
growth habits, can be easily monitored after mutagenic treatment [12]. Practical mutation
breeding has now become a routine technique in many vegetatively propagated ornamental
plants and is used by commercial breeding companies [7].

Many ornamental species are heterozygous and often vegetatively propagated, al-
lowing for the detection, selection, and conservation of mutants of the M1 generation.
Appropriate mutation induction strategies, such as the use of fractionated doses and re-
peated irradiation, combined with in vitro breeding techniques, can lead to rapid success in
homozygous polyploid species. Despite its random nature, mutation induction remains an
attractive method for generating genetic variability in ornamental plants when the desired
characteristics are expected within the genetic range of a given species.

1.2. The Most Efficient Irradiation Methods

Different forms of irradiation, including gamma, X-ray, and electron beams, have been
investigated for their effectiveness in ornamental horticulture. The potential applications
of these, with a focus on their benefits, mechanisms, and potential uses are outlined, with a
wide range of references from recent studies.

Gamma irradiation is an excellent method because of its deep penetration and ability
to induce mutations uniformly in plant tissues. This type of irradiation has been widely
used to create new plant cultivars with desirable traits, such as unique flower colors and
shapes and enhanced disease resistance. For example, studies have shown that gamma
irradiation can induce desirable mutations in chrysanthemums, resulting in new cultivars
with enhanced ornamental value [13].

X-ray radiation, another efficient method, works on similar principles to gamma
radiation but uses high-energy photons produced by X-ray machines. The advantage of
this method is that they can be produced without using radioactive materials, making them
safer and more environmentally friendly. Research has shown that X-ray radiation can
effectively induce mutations in ornamental plants such as orchids and lilies, resulting in
new, more spectacular cultivars [14]. In addition, studies by Jo et al. [15] have shown that
X-ray radiation can improve the ornamental properties of plants while maintaining their
overall health and vigor.

Electron beam (e-beam) irradiation is characterized by high energy and low penetra-
tion depth, which makes it suitable for surface treatment. Electron beam irradiation has
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been shown to be effective in inducing beneficial mutations in ornamental species and
controlling surface pests without causing significant damage to the plants. Experiments
conducted by Kim et al. [16], for example, showed that e-beam irradiation could induce
desirable gene changes in petunias, resulting in new flower colors and patterns.

Comparative studies have been conducted to evaluate the effectiveness of different
irradiation methods in ornamental nurseries. Kumar et al. [17] compared the effects of
gamma, X-ray, and e-beam irradiation on marigolds and found that all three methods were
effective in inducing mutations, with gamma irradiation exhibiting the highest mutation
frequency. In another study, Maluszynski et al. [18] compared the effectiveness of gamma
and X-ray irradiation in inducing mutation in gladiolus and found that both methods
were equally effective, although X-ray irradiation offered logistical advantages due to the
absence of radioactive waste.

Irradiation is a powerful tool in ornamental horticulture, offering solutions for creating
new plant cultivars, controlling pests, and improving the aesthetic appearance of plants.
Gamma, X-ray, and electron beams each have unique advantages that make them suitable
for specific applications. Ongoing research and technological developments are expected
to further optimize these methods, making irradiation an integral part of sustainable
ornamental horticultural practices.

1.3. Genetic Variability through Mutation Breeding in the Genus Rudbeckia

The most extensive breeding efforts of the genus have been carried out with R. hirta.
It became an important annual cultivar after the introduction of improved cultivars by
Goldsmith Seeds in the 1960s. There are vegetatively propagated tetraploid cultivars and
seed-grown diploid cultivars. The genus has strong self-incompatibility and pseudogamy,
a form of apomixis, which appears to be a common reproductive pathway [19].

For some species (R. laciniata, R. nitida, R. maxima, R. triloba), a compact habit is
of great interest as it would broaden the possibilities for use in more restricted urban
environments. The disease resistance of R. fulgida is also desirable, as problems with
Septoria and Ramularia and leaf spot infections are occasionally encountered [20]. A number
of examples show successful mutation breeding in the genus Rudbeckia, for instance, to
reduce the growth of the tetraploid cultivar R. subtomentosa “Henri Eilers” [21], and, in
in vitro rearing, increasing the concentration reduced the survival and regeneration of the
callus [22]. However, mutation breeding has also been applied to rooted cuttings of R.
hirta. Shukla et al. [23] found that irradiation resulted in reduced plant height and diseased
leaves, and differences in pollen shape and size were observed in irradiation-induced
abnormal flowers. At lower irradiance (5 Gy), inflorescence color was lighter, whereas at
10 Gy irradiance, striped flowers were observed on shoots.

1.4. The R. hirta Cultivar Used in the Experiments

R. hirta is a popular ornamental species that has been used for decades. The species
and cultivars of R. hirta are grown as annuals and are widely used as bedding plants and
in container cultivation, as well as cut flowers [19]. R. hirta is an ornamental plant of the
Asteraceae family and is also used in landscaping and for soil erosion prevention [24], and
it may also have considerable potential for use as a potted plant [25]. The adaptability of
R. hirta plays a major role in its distribution [26]. R. hirta includes diploid (2n = 2x = 38)
and tetraploid (2n = 4x = 76) species, with a diverse range of flower colors and forms [19].
The following four subspecies of R. hirta have been described: R. hirta var. floridana, R.
hirta var. hirta, R. hirta var. pulcherrima, and R. hirta var. angustifolia [27]. R. hirta species
have a mature height of 0.5–1.0 m, and tetraploid species typically have larger flowers
and greater height [28], despite the fact that it is short-lived and susceptible to certain
diseases, including Cercospora leaf spot (Cercospora sp.) and Rhizoctonia (Rhizoctonia sp.)
infection [26,29].

In our experiment, we treated “Őszifény”, a popular annual cultivar of R. hirta L., with
varying doses of gamma radiation. Our objective is to investigate and evaluate the effects



Agronomy 2024, 14, 1292 4 of 15

of these applied doses through morphological, histological, and genetic studies that can
inform future breeding programs. Rudbeckia species are an important component of built
landscapes, green spaces that represent a significant economic activity. Their wild species
are common breeding materials because they retain their ease of propagation and market
needs [30].

1.5. Directions and Possibilities for Mutation Breeding of R. hirta

The genus Rudbeckia is genetically understudied, with no specific molecular markers
currently available. A single study utilized RAPD markers to investigate genetic diver-
sity and crossing potential among R. fulgida var. sullivantii populations with cultivated
cultivars [31]. In this study, we applied two commonly used marker techniques to assess
the effectiveness of different gamma radiation doses while detecting polymorphism at the
DNA level. Start codon targeted (SCoT) markers rely on short conserved regions flanking
the ATG start codon, which is conserved in all plant genes. The PCR uses single 18-mer
primers [32]. The conserved DNA-derived polymorphism (CDDP) technique is based on
short conserved amino acid sequences in proteins. This method utilizes a single 15- to
19-mer primer for PCR and binds at multiple sites within the plant genome due to the
presence of these conserved gene sequences [33]. The applied marker techniques do not
require prior sequence knowledge, are designed for highly conserved gene sequences,
and can distinguish genetic variations in a specific gene that link to a specific trait. SCoT
and CDDP markers are similar to RAPD but offer a reproducible approach for detecting
polymorphism between different genotypes due to higher annealing temperatures (50 ◦C).
Based on recent study data from the past five years, it is evident that gamma radiation-
induced mutation breeding has become one of the most important methods in modern
breeding practices. In ornamental plant breeding specifically, this method holds particular
significance as it enables the development of new cultivars with novel phenotypic traits
and urban tolerance.

2. Materials and Methods
2.1. Experiment Conditions

R. hirta “Őszifény”, which was used in our experiments, is maintained in the gene bank
of the Hungarian University of Agricultural and Life Sciences by our research group. This
Hungarian cultivar was bred in 1989 and has since become an heirloom cultivar. Despite
the abiotic stress tolerance of the cultivar, its use in public areas has been significantly
reduced over the past 20 years, the reasons being that it has few branches and thus is less
bushy than the newer cultivars, and it only develops 5–15 flowers per plant, in contrast to
the newer cultivars (Figure 1).
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The experiment was carried out from 2021 to 2022. The greenhouse and the field are
located in Budapest, right next to each other, at the Budatétény Research Institute of the
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Hungarian University of Agricultural and Life Sciences, Budapest, Hungary, with GPS
coordinates of 47.407508, 19.013425.

It has a continental climate. There are 1830–1950 h of sunshine per year with summer
sunshine of around 760 h. The average annual temperature is 11 ◦C. The frost-free period
is between 15 April and 23–25 October. The annual absolute temperature maximum is
32–33 ◦C, and the absolute minimum in winter is around −17 ◦C. There is an annual rainfall
of 650 mm, of which 450–500 mm falls in the summer half-year. The soil is composed of
alluvium from the Danube alluvium and the slope of the stake. The soil is loamy and
has a medium humus content [34]. For greenhouse growing, the commercially available
Klassmann Potgrond P peat mixture was used.

The seeds were collected in 2020 and treated with several doses at the Seibersdorf
Plant Breeding and Genetics Laboratory station (International Atomic Energy Agency
Laboratories (IAEA)) in January 2021. As the irradiation was prepared for us for research
purposes, the seed is not commercially available. The seeds were treated once with one of
the following doses according to the laboratory’s protocol:

• Control;
• 5 Gy;
• 10 Gy;
• 30 Gy.

Seedlings grown from seed were grown in greenhouse conditions and then in field
conditions from May 2021 to December 2021. The 12-week-old seedlings with 5–7 leaves
were planted in the open ground after a period of acclimatization.

A random block design was used for the measurements. A total of 30 plants per group
were tested in 3 replicates. The M0 generation was used for the measurements, which
were grown by irradiating the seeds of mother plants since the primary effect of gamma
radiation is best monitored in this generation.

No nutrient supplementation was performed during the rearing period. Irrigation
was applied every two days at 3 dL/plant.

Morphological measurements were made on 3 September 2021, as this is when the
plants reached full flowering. There was no difference in the onset of flowering between
the groups. Full flowering also occurred at the same time. The number of branches and
length of the root system were measured manually and with a manual ruler. The plant
was laid on the table, the ruler was placed next to it, and the measurement was taken
accordingly. The length was measured from the root neck to the root tip (length of roots).
Both the fresh and dried mass were measured. The number of flowers was measured as
well—for this survey, we counted the number of fully open and opening flowers on the
plant. A Kern PCB 6000-1 (Precimer, Budapest, Hungary) analytical laboratory balance was
used to measure mass. The plant parts were dried in a VEB MLW Labortechnik Ilmenau
(Tech-solute GmbH, Bruchsal, Germany) drying oven for 120 h at 40 ◦C.

2.2. Histological Measurements

For the histological analyses, the plants were selected randomly from the groups when
they were in full bloom, in total, 20 plants from each group. Collecting samples during
this period allowed us to examine plant parts that were mature but not showing signs of
aging. In the case of leaves and branches, the samples were taken from the middle part
of the branch, which had not yet started to senesce. Due to the large number of images
taken, the most representative images of the plant groups were selected to show the most
important characteristics.

Leaf cross-sections were taken from 5 leaves per plant, with several sampling points
per leaf. Each leaf was cleaned with distilled water and then sectioned mechanically with
a hand microtome. The fresh sections were examined and photographed to avoid any
distortions that may have occurred during fixation and to obtain as accurate a picture of
the changes as possible. For the examination of leaf cross-section with light microscopy,
the Euromex bScope BS.1153-PLi microscope (Euromex Microscopen B.V., Arnhem, The
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Netherlands) with a compatible camera (Levenhuk m1400 plus—Levenhuk, Inc., Budapest,
Hungary) was used for this study. Due to the nature of the sections, PLi 4/0.1 lenses
were used, which provided a magnification of 40×. The eyepiece was of type and size
WF120×/20.2.3.

2.3. Genetic Analyses

The morphological characteristics have to be observed during the flowering period
when the most important characteristics of ornamental plants—flower shape, color, size,
and plant habit—are the most visible. The collection of leaf samples for DNA isolation
also was performed at this time when medium-sized and mature leaves (5–10 cm size)
were randomly collected. This gave a complete and realistic picture of the condition of the
plants. Leaf samples were kept frozen until use. Genomic DNA was isolated from frozen
leaf samples using NucleoSpin Plant II, Mini kit (MachereyNagel, GmbH & Co. KG, Düren,
Germany) according to the manufacturer’s instructions. Purified DNA was then quantified
using Nanodrop 8000 (Thermo Fisher Scientific Inc., Waltham, MA, USA). Based on our
preliminary investigations, a total of 14 SCoT and 21 CDDP primers were evaluated. The
names and sequences of the primers that yielded the fragments that can be evaluated are
listed in the Results section. PCR amplification was performed in a Bioer GeneExplorer
(Bioer, Hangzhou, China) in a 10 µL volume. The reaction mixture contained 10 ng of DNA
template, 1 µM of primer, and 0.2 µM of each dNTP, 1x reaction puffer, and 0.5 Unit GoTaq
G2 DNA polymerase (Promega, Madison, WI, USA). The PCR profile for SCoT and CDDP
markers included 2 min of initial denaturation at 94 ◦C, followed by 35 cycles of 94 ◦C
denaturation for 30 s, 30 s of annealing at 50 ◦C, 2 min of extension at 72 ◦C, and 5 min of
final extension at 72 ◦C. Amplified fragments were separated in 1% agarose gel stained
with ethidium-bromide. The visualization of PCR products was carried out under UV
light and photographed using the Uvitec Essential V6 gel documentation system (Uvitec
Cambridge). The PCRs and gel electrophoresis were conducted in two replicates.

2.4. Statistical Analysis

Results were analyzed, compared, and measured, and differences were tested using
the IBM SPSS Statistics 26 program with ANOVA. In all cases, the measured data were
analyzed at a 95% reliability (significance) level. After the Levene test has been evaluated,
if the Sig. > 0.05, the Tukey’s test was used, and if Sig. < 0.05, the Games–Howell post hoc
test was used.

In the case of PCR investigations, the resulting DNS bands were converted to a binary
format of 0 and 1. The similarity matrix was determined using Past4.03 software [35]. A
clustering analysis was performed with the UPGMA method.

3. Results
3.1. Morphological Characterization
3.1.1. Number of Branches

The morphological results clearly demonstrate distinct differences between the doses
in terms of the measured parameters (Table 1); in comparison, no statistically significant
difference was found for the higher irradiation doses (10 Gy, 30 Gy) compared to the control,
and only the lower dose (5 Gy) showed a significant difference. The control group had an
average number of 8 branches, with a significant difference at 5 Gy (11.6 branches). The
10 Gy dose had the lowest average number of branches at 5.5. For the 30 Gy dose, the
number of branches was 8.4.
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Table 1. Aggregated average data of R. hirta ‘Őszifény’ with gamma radiation treatment (g: gram).
Different letters (a, b, c, d or ab) indicate significantly different groups, as follows: number of
branches; number of flowers; root fresh mass; root dry mass; branch fresh mass; and branch dry mass
(Games–Howell, p < 0.05). p = 0.000.

Parameter Control 5 Gy 10 Gy 30 Gy

Number of branches 8 ± 0.73 (ab) 11.6 ± 0.4 (c) 5.5 ± 0.5 (a) 8.4 ± 0.37 (b)
Number of flowers 11.2 ± 0.81 (a) 17.8 ± 1.51 (b) 12.8 ± 0.55 (a) 20.5 ± 1.67 (b)
Root fresh mass (g) 14.49 ± 0.58 (a) 37.57 ± 4.31 (d) 17.38 ± 0.34 (b) 22.02 ± 0.69 (c)
Root dry mass (g) 1.98 ± 0.12 (a) 5.11 ± 0.21 (c) 2.65 ± 0.09 (b) 3.23 ± 0.28 (b)

Branch fresh mass (g) 106.71 ± 3.45 (a) 288.23 ± 30.02 (c) 116.68 ± 10.92 (ab) 157.38 ± 14.35 (b)
Branch dry mass (g) 23.65 ± 1.17 (a) 64.82 ± 6 (c) 24.88 ± 0.95 (a) 36.89 ± 2.41 (b)

3.1.2. Number of Flowers

The number of flowers is a crucial characteristic of ornamental plants. Similar to the
branching number results (Table 1), the findings for the treated groups reflected a similar
pattern. In comparison to the average number of flowers in the control group (11.2), there
was no statistically significant difference in the average flower diameter for plants exposed
to a dose of 10 Gy (12.8). However, significantly higher results were observed for groups
subjected to doses of 5 Gy (17.8) and 30 Gy (20.5), indicating larger flower diameters.

3.1.3. Root Fresh and Dry Mass

The data obtained for both root fresh and dry mass show clear correlations between
the variables. Significant differences exist among the applied doses The mean root fresh
mass was 14.49 g in the control group, and statistically significant results were observed for
all treated groups. Among these groups, the highest value (37.57 g) was recorded in the
group exposed to 5 Gy, while the lowest value (17.38 g) was observed in the group exposed
to 10 Gy (Table 1). Similar trends can be seen in terms of root dry mass, as well. Here too,
the control group yielded the lowest result (1.98 g), whereas all treated groups exhibited
higher values. Notably, the highest root dry mass was obtained from plants exposed to a
dose of 5 Gy (5.11 g). Interestingly though, no significant difference was observed between
results from groups subjected to doses of 10 Gy (2.65 g) and 30 Gy (3.23 g) (Table 1).

3.1.4. Shoot Fresh and Dry Mass

The results for both fresh and dry mass show a similar trend to the data obtained for
root mass (Table 1). Nevertheless, there was no significant difference in shoot mass between
the control groups and the groups exposed to 10 Gy, either in terms of fresh or shoot dry
mass The highest mass was measured in the groups receiving a dose rate of 5 Gy, which
significantly outperformed all other groups.

3.2. Histological Analysis

In addition to the morphological measurements, histological surveys were conducted
to further validate the findings. The observed alterations in the structure were influenced
by gamma radiation, as evidenced by the differences between the control and treated
groups. The histological results align with the observations made during morphological
assessments. The tissues of the high-size group, which received a 5 Gy dose of radiation,
were more developed than those of the control group, with more chloroplasts. The dwarfing
characteristics of the 30 Gy group were also seen in the leaves, in which the cells were
smaller, with stronger cell walls and tissue architecture.

In the cross-sectional view of the leaves of the control group (Figure 2a), the epidermis
appears intact, with a single row of closely spaced cells. This is also the case for the 5 Gy
dose group (Figure 2b), in which the cells of the epidermis are also closely aligned, forming
a homogeneous unit. The change is observed in the 10 Gy dose group, in which the
epidermal cells are more loosely structured. In the 30 Gy dose group, the epidermis cells
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are small, not homogeneous, and tightly fitting, so that a similarity is observed between
the small, compact cells and the morphological, dwarf growth of the plant.
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Similar results can be observed when examining the parenchyma and the basal tissue.
Here, it can be seen (Figure 2a) that both columnar and spongy parenchyma are homo-
geneous, without visible vacuoles. The cells are intact and closely spaced. In the group
receiving the 5 Gy dose (Figure 2b), the thickness of the cell wall within the columnar
parenchyma is significantly increased compared to the control group. The inner cell line
also shows increased regularity and density. Parts of the spongy parenchyma show thick-
ened cell walls while retaining strong confinement without the presence of vacuoles. The
destruction becomes apparent in plants exposed to the 10 Gy dose (Figure 2c), in which the
distortion becomes evident in the inner columnar parenchyma cells, which lack uniformity.
Thickened walls are present but not homogeneously distributed among these distorted
cells. The spongy parenchyma shows a uniform distortion throughout, with discontinuous
or unsealed cell walls and cavities between the cells. In addition, larger vacuoles are also
formed at this dose level. At a dose of 30 Gy, tissue uniformity is maintained as follows:
both columnar/spongy parenchyma cells retain their integrity while showing thicker cell
walls, which contribute to the overall structural strength of the leaf (Figure 2d).

The branch cross-sectional images (Figure 3) show similar results to the leaf cross-
sectional images. In the control group (Figure 3a), it can be seen that the epidermis is
uniform, with a continuous epidermis with homogeneous cells. The radiation effect can also
be detected in the 5 Gy dose intensity samples (Figure 3b). The epidermis is much thicker,
and the cells have strong walls and are organized and closed. The cross-sectional image
of the branch in the 10 Gy group (Figure 3c) shows that the epidermis was homogeneous,
whereas that of the 30 Gy dose group (Figure 3d) was also similar to the cross-sectional
view of the leaf, with the epidermis cells tightly closed. The change was also observed in
the transport tissue system. In the control group (Figure 3a), secondary thickening was not
yet visible. The cambium ring appears dark with some vacuoles. The xylem and phloem are
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uniform. The effect of gamma radiation was also detectable in samples at a dose intensity
of 5 Gy (Figure 3b). The cells of the phloem are well-delimited and have strong cell walls.
Secondary thickening was markedly developed. The intestinal tissue of the branch was
also markedly homogeneous with a strong cellular structure. No vacuoles are formed. The
cross-sectional image of the stem of the 10 Gy group (Figure 3c) shows that vacuoles are
beginning to form in the phloem. The cambium is continuous and intact, although there
are tissue lesions in the xylem. Secondary thickening has begun to develop, but not to the
extent seen at the 5 and 30 Gy dose levels. Vacuoles have also formed in the basal tissue.
The cross-sectional view of the branch (Figure 3d) of the 30 Gy dose specimens was also
similar to that seen in the leaf cross-section. The branches are well-developed and the
cambium is thickened, although lesions are also observed. The phloem is strong, its cells
are uniform, and secondary thickening has started to develop, but not yet at the same level
of development as in the 5 Gy group. The cells forming the vascular ring are not uniform.
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3.3. Genetic Analyses

Assessment of molecular changes using SCoT and CDDP markers and genetic differ-
ences among the mutants generated by various irradiation doses were examined using
two marker systems, SCoT and CDDP. Only markers that gave clear and reproducible
fragments were evaluated (Figure 4). Across the marker analyses, both the appearance of
new amplicons and the loss of normal fragments were also observed.

Of the 14 SCoT markers tested, 9 gave evaluable patterns. SCoT primers amplified
a total of 85 reproducible amplicons. The number of amplified fragments ranged from 6
for SCoT1 to 15 for SCoT12, with a mean of 9.4 bands per primer (Table 2). The average
polymorphism for all primers was 42.7%.
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Figure 4. Examples of genetic polymorphism detection with SCoT (SCoT3) and CDDP (WRKY-R1)
markers in response to different irradiation. Polymorphic fragments are marked with arrows. M:
DNA molecular weight marker (ThermoScientific GeneRuler 100 bp Lader Plus/3000 bp, 2000 bp,
1500 bp, 1200 bp, 1031 bp, 900 bp, 800 bp, 700 bp, 600 bp, 500 bp, 400 bp, 300 bp, 200 bp,100 bp); K:
untreated control; 5 Gy, 10 Gy, 30 Gy irradiated plants.

Table 2. List of SCoT primers that give an assessable pattern, number of amplified PCR products,
polymorphic bands, and polymorphism percentage.

Primers Sequence (5′′-3′) Total Amplified
Products

Polymorphic
Bands

Percentage
Polymorphism (%)

SCoT1 CAACAATGGCTACCACCA 6 3 50
SCoT3 CAATGGCTACCACTAGCG 11 4 36
SCoT12 ACGACATGGCGACCAACG 15 6 40
SCoT13 ACGACATGGCGACCATCG 8 4 50
SCoT15 ACGACATGGCGACCGCGA 8 5 63
SCoT29 CCATGGCTACCACCGGCC 8 5 63
SCoT30 CCATGGCTACCACCGGCG 11 8 73
SCoT33 CCATGGCTACCACCGCAG 9 3 33
SCoT34 ACCATGGCTACCACCGCA 9 3 33

Total 85 41 384
Mean 9.4 4.6 42.7

Of the investigated 21 CDDP, 10 gave an assessable pattern. The total number of
amplified PCR fragments was 98. The number of amplicons ranged from 5 for ABP1-2 to
16 for WRKY-R1, with a mean of 9.8 bands per primer (Table 3). The average polymorphism
was 45.1%, which was similar to the SCoT markers.

By analyzing the combined marker data, we constructed a distance matrix (Table 4)
and conducted a cluster analysis (Figure 5).
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Table 3. List of CDDP primers that give an assessable pattern, number of amplified PCR products,
polymorphic bands, and polymorphism percentage.

Primers Sequence (5′-3′) Total Amplified
Products

Polymorphic
Bands

Percentage
Polymorphism (%)

ABP1-1 ACSCCSATCCACCGC 6 2 33
ABP1-2 ACSCCSATCCACCGG 5 2 40
ERF3 TGGCTSGGCACSTTCGA 12 6 50

MADS3 CTSTGCGACCGSGAGGTC 11 7 64
MADS4 CTSTGCGACCGSGAGGTG 8 5 63
MYB2 GGCAAGGGCTGCCGG 8 3 38

WRKY-R1 GTGGTTGTGCTTGCC 12 6 50
WRKY-R2 GCCCTCGTASGTSGT 16 10 63
WRKY-R3 GCASGTGTGCTCGCC 6 0 0

WRKY-R3B CCGCTCGTGTGSACG 14 7 50
Total 98 48 451
Mean 9.8 4.8 45.1

Table 4. Genetic similarity matrix based on Jaccard coefficients.

Treatment K 5 Gy 10 Gy 30 Gy

Control (K) 1
5 Gy 0.623 1
10 Gy 0.551 0.575 1
30 Gy 0.612 0.639 0.530 1
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The highest dissimilarity value was observed in the 10 Gy mutant, while the lowest
was found in the 30 Gy mutant. In the dendrogram created based on genetic similarity
coefficients, mutants were grouped into two main clusters as follows: control (K) and 5 Gy
and 30 Gy clustered together, whereas the 10 Gy mutant formed a separate group. This
suggests that most changes emerged as a result of exposure to a radiation dose of 10 Gy.

4. Discussion

The morphological results show that all doses applied have an effect on the species
studied, as described by Ibrahim et al. [6]. They suggest that mutation breeding generally
has well-detectable phenotypic effects and that among the irradiation doses, the use of
gamma irradiation is appropriate. This caused a high degree of genetic, and consequently
phenotypic, variation compared to the results of Kumar et al. [17]. Plants radiated with 5 Gy
showed significantly increased branching, number of flowers, and fresh and dry weights of
the shoot and root, compared to the control. This may also be indicative of the hormesis
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phenomenon, whereby low-dose exposure can produce individuals of much larger size and
biomass. Nevertheless, this type may also be applicable in breeding because although the
breeding objectives described by Daughtrey and Benson [20] are aimed at compact plants,
these large plants may be well suited for use in the urban backgrounds of associations or
as structural plants, as described by Palmer et al. [19] in their work. However, because
of its well-developed root system, this variety can also be used for soil erosion control, as
recommended by Mircea et al. [24]. This is also supported by the results obtained using
histological parameters, as in the groups receiving a 5 Gy radiation dose; strong tissue
architecture, uniform, strong cells and transport tissues, and a transport tissue system in
a more advanced state of development compared to the control group, which may also
indicate a stronger resistance, were observed. For both the 5 Gy and 30 Gy doses, the results
of Datta et al. [13] demonstrated that gamma radiation can induce uniform, homogeneous
mutations in tissues.

The number of flowers also contributes to this result, which is significant compared
to the control group—R. hirta is also ornamental in habit and flowers. In parallel with the
large size, the dwarf variety may also be important for the trade. Individuals subjected to
30 Gy exhibited significantly smaller plants, yet produced the highest number of flowers,
which is consistent with the breeding objectives described by Daughtrey and Benson [20].
Although Shukla et al. [23] claim in their work that radiation intensity affected flower color,
this was not the case in the results of this experiment. In the case of the groups, the flower
color did not change, although Daughtrey and Benson [20] describe the appearance of a
new flower color as a desirable trait associated with mutation. The microscopic results are
similar to the morphological results, as the small dwarf plants showed a small but dense
tissue arrangement, as explained by Oates et al. [21], who suggest that the mutation is
capable of reducing height and biomass in the genus Rudbeckia. Plants exposed to 30 Gy
of radiation showed increased stiffness not only within the leaves but also throughout
the plant. The variety could be further bred to become an occasional ornamental pot
plant, as recommended by Beckwith [25]. In fact, the group receiving a 10 Gy dose was
heterogeneous in its characteristics. This is clearly demonstrated by the genetic results
obtained, which show that the 10 Gy dose is not closely related to the genetic traits of either
the 5 Gy or the 30 Gy dose group, The large difference from the control group is evident in
this case, and it can be stated that this mutant is not suitable for further research. Large
variations in herd size and flower number were also detected, and this is reflected in the
morphological results. However, the low number of branches and the small number of
flowers are not suitable for use as an ornamental plant. This result is also closely correlated
with the histological results, in which the basal tissue cells are heterogeneous; some cells
have a stronger cell wall, and others seem to have weaker ones. However, negative changes
were observed in the plants exposed to the 10 Gy dose compared to the leaves of the control
group; these included leaf distortion and blind spots within their structure.

It was obvious that all dose levels affected root mass, in contrast to the lowest de-
velopment observed in the control group, and mutation breeding can be used to monitor
species variability, as shown by Ibrahim et al. [6]. Mutation techniques may also be suitable
for breeding, according to Suprasanna et al. [9]. Doses of 10 Gy and 30 Gy showed less
pronounced increases in root mass but still produced statistically significant effects. The
most marked difference compared to the control was observed at the 5 Gy irradiation—a
result consistent with the trends observed for branching and flower number.

Interestingly, the 10 Gray irradiation doses caused the greatest changes at the genetic
level. Greater genetic variability does not necessarily manifest at the phenotypic level, too.
Mutations can occur in both coding and non-coding regions. Changes in coding regions
do not always result in amino acid substitutions and are, therefore, not phenotypically
expressed. Unfortunately, changes in genome constitution induced by physical radiation
are uncontrollable. This may be one of the reasons why the 10 Gy irradiations caused
the largest genetic changes, which were not accompanied by similar phenotypic changes.
Whole genome sequencing may be necessary to detect this contradiction.
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Also, several studies have demonstrated that higher doses of irradiation do not always
lead to greater genetic changes in plant genomes [36–38]. Our results affirm that utilizing
combined data from SCoT and CDDP techniques is effective for detecting and assessing
genetic diversity among mutants. Molecular markers associated with desirable agronomic
traits can be employed for genetic mapping purposes, as well as marker-assisted selection,
which is an approach discussed by Du et al. [39].

5. Conclusions

Due to increasing urbanization and the effects of climate change, many ornamental
plant species that were often used in the past are becoming heritage species and may need
to be bred for new traits, and gamma mutation offers a way to achieve this. This study
reveals that gamma radiation significantly affects R. hirta “Őszifény”, as evidenced by
morphological, histological, and genetic analyses. From the morphological and histological
results obtained, it was obvious that the 10 Gy radiation dose resulted in the highest
mutation rate. However, this dose had detrimental effects on ornamental plant breeding
and production, manifesting as reduced branching and flower numbers, and yielded fresh
and dried mass data statistically similar to the control group. Additionally, leaf tissue
deformation further suggests that a radiation dose of 10 Gy is unsuitable for this cultivar.
On the other hand, a dose rate of 5 Gy led to vigorous plants with increased branching,
flower numbers, and mass data. The application of a 5 Gy radiation dose also revealed a
hormesis phenomenon, which is an intriguing finding that warrants further investigation.
If proven true in future studies, it could serve as an excellent tool for breeding R. hirta.
Equally promising were the results observed at a radiation dose of 30 Gy, which produced
significantly higher morphologic results compared to the control group—indicating its
suitability for potential future breeding efforts in this species.

The high root mass observed along with increased flower numbers and branching
traits are valuable characteristics for urban plants due to their contribution to proper
drainage during sudden rainfall events while also enhancing drought tolerance, which is a
crucial factor in arid regions. Moreover, the abundant flowers add aesthetic value to these
mutant cultivars.

Genetic testing has provided novel insights into mutational breeding in R. hirta. This
study represents the first instance in which molecular genetic markers have supported
such efforts. Our molecular assays demonstrated that start codon targeted (SCoT) and
conserved DNA-derived polymorphism (CDDP) techniques are suitable for detecting
genetic changes caused by induced mutations. Although the markers employed do not
cover the entire genome and not all changes are phenotypically expressed, they prove
valuable in determining appropriate radiation doses. Furthermore, if these polymorphic
fragments can be linked to new traits resulting from mutations, they hold the potential
for future marker-based selection processes. The gamma mutation technique could be a
fundamental tool for increasing genetic variability in R. hirta “Őszifény”, thus creating new
phenotypic individuals and further breeding. The use of low doses is likely to result in
hormesis, producing large individuals, while the use of 30 Gy may produce individuals
suitable for pot culture. Genetically, these are the closest to the parent strain. The genetic
distance of 10 Gy from them also shows unfavorable phenotypic attributes and is not
recommended for further breeding.

In summary, this study concluded that 5 Gy and 30 Gy may be suitable for increasing
genetic variability in R. hirta. In contrast, the heterogeneous population produced by 10 Gy
is not suitable for this purpose. Since R. hirta is an important ornamental plant for urban
use and breeding new varieties is important to maintain this status, 5 Gy may be suitable
for breeding large-scale varieties that are suitable as background or structural plants, while
30 Gy may be suitable for breeding varieties that are suitable for pot production.
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