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Abstract

In chrysanthemum, breeders seek for desirable characteristics of the inflorescence, which can first be established once the
plant is mature. The present study aims to determine whether measurement of DNA content can be useful in the detection of
somaclonal variants and/or separation of chimera components in chrysanthemum at the early in vitro multiplication stage.
Eleven Chrysanthemum X morifolium (Ramat.) Hemsl. cultivars of the Lady group (a mother cultivar and ten of its radiomu-
tants obtained by X-ray- or y-irradiation; solid and periclinal chimeras) were propagated in vitro. Single-node explants were
cultured in Murashige and Skoog (MS) medium, either without plant growth regulators (PGRs) or supplemented with 6-ben-
zyladenine (BA) and indole-3-acetic acid (IAA). The nuclear DNA content was measured by flow cytometry (FCM) in the
shoots produced in vitro. After acclimatization and growth of the plants in a glasshouse, inflorescence colour was recorded.
The addition of PGRs to the medium almost doubled the mean number of shoots produced in vitro per explant, but caused a
change in inflorescence colour of all (‘Lady Apricot’; periclinal chimera) or part of the plants (‘Lady Amber’; solid mutant
and ‘Lady Salmon’; periclinal chimera). All radiomutants contained less DNA than the mother cultivar ‘Richmond’. There
were significant differences in DNA content between plants of the same cultivar grown in media with or without PGRs for
‘Lady Apricot’ and ‘Lady Salmon’, but no phenotype alternation occurred in chrysanthemums produced in PGR-free medium
compared to the original cultivars. Conversely, in medium with PGRs, chimeras produced flowers different from the original
colour. In all except one cultivar (‘Lady Amber’; solid mutant) a lack of differences in genome size between plants grown
in either medium coincided with a stable inflorescence colour. The occurrence of some plants of ‘Lady Amber’ with differ-
ent inflorescence colour may be due to small DNA changes, undetectable by FCM. It can be concluded that FCM analysis
of DNA content in young plantlets can be indicative of the stability of inflorescence colour in chrysanthemum, especially
chimeric cultivars, and for mutant detection.

Key message
Flow cytometry measurement of nuclear DNA content can be recommended for detection of variation in inflorescence colour
of chrysanthemums during early in vitro multiplication, especially in periclinal chimeras.
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Introduction

Micropropagation is a powerful tool in the large-scale pro-
duction of ornamental species, including chrysanthemum
(Teixeira da Silva and Kulus 2014). It has several advantages
over the traditional methods of reproduction, such as the
high quality of the resultant plant material, more profitable
production, and independence of the season (Kulus 2015).
Because micropropagation is a clonal method of reproduc-
tion, the plant material that is produced is of high uniformity.
However, due to the use of plant growth regulators (PGRs)
and regeneration of plants via unstable callus, a genetic and,
consequently, phenotypic variation in the in-vitro-derived
plants have been reported (Miler and Zalewska 2014).

Methods commonly used in chrysanthemum micropro-
pagation are often based on culturing leaf, nodal or flower
explants in auxin- and cytokinin-supplemented media (Teix-
eira da Silva et al. 2015). Shoot/nodal culture on a PGR-free
medium, is generally considered a reliable method for pro-
ducing genetically identical plants without the occurrence
of somaclonal variation. Other pathways for in vitro propa-
gating of chrysanthemum with little risk of the occurrence
of somaclonal variation are direct shoot organogenesis and
direct somatic embryogenesis. However, PGRs supplemen-
tation, which is mandatory with these methods, can cause
significant variation and changes in the genotype and often
phenotype of regenerants if a callus phase occurs, i.e. in the
indirect organogenesis and indirect somatic embryogenesis
methods (Teixeira da Silva et al. 2015). Miler and Zalewska
(2014), obtained new genotypes of Chrysanthemum X gran-
diflorum (syn. C. X morifolium) that were considerably dif-
ferent in inflorescence colour from the mother cultivars,
using callus induced from leaves and internodes cultured
in the medium supplemented with 6-benzyladenine (BA)
and indole-3-acetic acid (IAA). For example, among plants
obtained from ‘Alchimist Tubular’, in addition to those with
silver violet inflorescences typical for this cultivar, there
were three with golden brown inflorescences and one that
was golden red. This colour change was explained by the
presence of carotenoids, which were absent from the mother
plant inflorescences (Miler and Zalewska 2014). Because of
the occurrence of such variations, it is important to reliably
assess the stability of newly produced plant material before
rooting, acclimatization, and cultivation in the glasshouse, to
exclude or select altered individuals, depending on produc-
tion/breeding goals.

There are two main causes of variation in micropropa-
gated chrysanthemum plants: somaclonal variation, which
occurs de novo as a result of specific in vitro conditions
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(Larkin and Scowcroft 1981), and the separation of chi-
mera components, which is an expression of existing vari-
ation between histogen layers (Miler and Zalewska 2014).
Variation induced or revealed during micropropagation is
undesirable in the commercial production of ornamental
plants, and as a consequence of failing to deliver true-to-
type plants, producers are exposed to considerable loss of
income and customer confidence (Kulus et al. 2019). On the
other hand, somaclonal variation may be used as a source of
variation facilitating relatively easy, cheap, and fast produc-
tion of new phenotypes (Miler and Jedrzejczyk 2018). The
effect of in vitro culture, especially medium composition
and explant type, on plant DNA content can be on the whole
genome (polyploidization), or of smaller, chromosomal and
single genes extent, all possibly leading to alternation of trait
expression (Neelakandan and Wang 2012).

Phenotypic stability is a particular consideration dur-
ing commercial production because many modern cultivars
of ornamentals are periclinal chimeras, i.e. plants with an
entirely changed single histogen layer, which cannot be vis-
ually distinguished from that of a non-chimeric plant and
requires more advanced, molecular methods of identifica-
tion (Zalewska et al. 2007; Kulus et al. 2018). Chimeras are
susceptible to the rearrangement of histogen layers with dif-
ferent genotypes, and, as a consequence, their separation in
progeny plants, which manifests as the change in phenotype.
This phenomenon occurs during regeneration from callus
or if a meristem is damaged (Kulus et al. 2019). Chimeras
are often created due to mutation breeding, a method com-
monly used for chrysanthemum (Su et al. 2019); chimeral
plants may also occur regardless of mutagen use (Kulus et al.
2019).

Genetic variation can be detected in young plants using
molecular markers, such as Amplified Fragment Length Pol-
ymorphism (AFLP), Inter Simple Sequence Repeats (ISSR),
Random Amplification of Polymorphic DNA (RAPD) or
Start Codon Targeted Polymorphism (SCoT), multi-omics
approaches (Butiuc-Keul et al. 2016). These methods,
however, are expensive, time-consuming, and require the
use of numerous primers to obtain reliable results. On the
other hand, chemotaxonomical array analysis based on the
pigment content in petals, is cheaper but can only be per-
formed on mature plants at the stage of blooming (Lema-
Ruminska et al. 2018). Flow-cytometric (FCM) determi-
nation of nuclear DNA content is a relatively simple, fast,
and inexpensive method of verifying genome size stabil-
ity. It requires only a small amount of biological material
and can be performed at the in-vitro-multiplication stage
(Ochatt 2008; Ochatt et al. 2013). FCM measurement of
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DNA content has been used to confirm genome size stabil-
ity of numerous in-vitro-propagated medicinal and horticul-
tural species (Sliwinska 2018). It has been applied also for
genome size estimation of several Chrysanthemum species
(Leitch et al. 2019; 2C range 5.84-35.90 pg). Nuclear DNA
content of 6x Chrysanthemum X morifolium estimated by
Feulgen microdensitometry is 19.2-21.0 pg/2C (Ohri et al.
1981); FCM has not been used to verify this value until the
present study. There are no reports on the application of
FCM for the detection of variation between periclinal chime-
ras of micropropagated chrysanthemum. The information on
the effect of mutagenic treatment on nuclear DNA content
is limited to a single cultivar of C. X morifolium subjected
to y-irradiation and ion beams irradiation (Yamaguchi et al.
2008, 2010). These studies revealed that the relative DNA
content in the induced mutants was reduced, likely due to
DNA damage such as in chromosomal aberrations and/or
by reduction of chromosome number. This reduction was
total-dose- and dose-rate-dependent.

The current study is aimed to (i) evaluate the genome
size and inflorescence colour stability of 11 chrysanthemum
cultivars (solid and chimera mutants) propagated in vitro in
media with and without PGRs; (ii) determine whether FCM
measurement of DNA content during in vitro multiplication
can detect somaclonal variation and/or chimera component
separation that normally would appear later at flowering
(inflorescence colour); (iii) study the influence of irradia-
tion type (X- or y-rays) on mutant genome size.

Materials and methods
Plant material and in vitro culture conditions

Eleven cultivars of Chrysanthemum X morifolium (Ramat.)
Hemsl., of the Lady cultivar group were used, created
through X- and y-radiation (total dose 15 Gy, dose rate 0.92
and 1.92 for X- and y-ray treatment, respectively; Jerzy and
Zalewska 1997). Six cultivars, including the mother culti-
var ‘Richmond’, were solid mutants and five were periclinal
chimeras (Zalewska et al. 2007; Table 1).

Single-node shoot fragments of each cultivar were ver-
tically inoculated in 350-mL glass jars filled with 40 mL
MS (Murashige and Skoog 1962) medium, either without
PGRs (medium A) or supplemented with 0.6 mg L' BA
and 2.0 mg L 'IAA (Sigma-Aldrich, St. Louis, MO, USA;
medium B). The media were additionally supplemented with
30 g L™! of sucrose and solidified with 8.0 g L™! agar (Bio-
corp, Warsaw, Poland). After adding all the components, the
pH was adjusted to 5.8 before the medium was autoclaved
at 121 °C and 105 kPa for 20 min. Ten explants were used
for each cultivar in five repetitions for each medium type.
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Table1 In vitro multiplication rates of 11 chrysanthemum
(C. Xmorifolium) cultivars in different media
Cultivar Type of irradiation Number of shoots per HSD

used for the crea-  explant (+ SE)

tion of cultivar - -

Medium A Medium B

Richmond None 1.0+0.0a 14+04b ns.
Lady Amber X 1.0+00a 3.0+06a 20
Lady Apricot* 7y 1.0+0.0a 13+03b ns.
Lady Bronze* X 1.0+00a 12+02b ns.
Lady Orange* X 1.0+0.0a 1.6+02b ns.
The Lady Pink X 1.0+0.0a 1.8+04ab 0.8
Lady Rosy* X 1.0+00a 14+04b ns.
Lady Salmon* X 1.0+0.0a 24+05ab 14
Lady Vitroflora y 1.0+0.0a 2.0+03ab 1.0
Lady White Y 1.0+0.0a 22+05ab 1.2
Lady Yellow Y 1.0+0.0a 14+04b ns.
Mean 1.0+£00 1.8+04 0.8

Values + SE in columns followed by the same letter do not differ sig-
nificantly at P=0.05 (Tukey’s test)

HSD honest significant difference in rows, n.s. no significant differ-
ence

Cultivars marked with an asterisk (¥) are periclinal chimeras; medium
A—MS PGR-free; medium B—MS with 0.6 mg L™! BA and 2.0 mg
L~'1AA

The cultures were grown at 24 +1 °C and exposed to a
16-h photoperiod. Standard cool daylight was provided by
TLD54/36W fluorescent lamps (Koninklijke Philips Elec-
tronics N.V., Eindhoven, the Netherlands) with the pho-
tosynthetic photon flux density of approximately 35 umol
m~2 s~! and colour temperature of 6200 K.

After 8 weeks, all produced shoots were counted, cut
(approximately 5 cm long), and transferred into solid MS
rooting medium with 2.0 mg L™' TAA for another 10 days

under the same conditions as previous.

Estimation of DNA content in in vitro-derived
plantlets by flow cytometry (FCM)

The second and third leaves of each 8-week-old shoot were
sampled to measure DNA content. Samples for FCM were
prepared according to Rewers et al. (2012), using nuclei-
isolation buffer (0.1 M Tris; 2.5 mM MgCl,-6H,0; 85 mM
NaCl; 0.1% v/v Triton X-100; pH 7.0) supplemented with
propidium iodide (PI; 50 pg mL~!) and ribonuclease A
(50 pg mL~Y). Pisum sativum ‘Set’ (2C=9.11 pg; Sliwin-
ska et al. 2005) served as an internal standard. For each
sample, at least 7000 nuclei were analyzed using a CyFlow
SL Green (Partec GmbH, Miinster, Germany) flow cytom-
eter, equipped with a high-grade solid-state laser with green
light emission at 532 nm, long-pass filter RG 590 E, DM 560
A, as well as with side (SSC) and forward (FSC) scatters.

@ Springer
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Analyses were performed on 5-15 biological replicates,
depending on plantlet availability, using linear amplification.
Histograms were evaluated using FloMax software (Partec
GmbH, Miinster, Germany). The coefficient of variation
(CV) of the G,/G, peak of chrysanthemum species ranged
between 2.70 and 5.33%. Nuclear DNA content was calcu-
lated using the linear relationship between the ratio of the
2C peak positions of chrysanthemum/internal standard on a
histogram of fluorescence intensities. The 2C nuclear DNA
content in picograms (pg) was transformed into megabase
pairs (Mbp) of nucleotides, using the conversion 1 pg=978
Mbp (DolezZel et al. 2003).

Acclimatization and evaluation of plant colour

Acclimatization was performed for 10 days in April in a
glasshouse at 18-21 °C. Plants were grown in plastic trays
filled with a mixture of peat and perlite (2:1; disinfected
with 0.2% v/w Dithane M-45; Dow AgroSciences, Warsaw,
Poland), sprayed with water and covered with transparent
perforated film and geo-cover. Then, the plants were trans-
ferred to plastic pots filled with commercial peat substrate
for chrysanthemum cultivation (Gramoflor Cultivo, Vechta,
Germany) and placed on glasshouse benches. The plants
were cultivated in natural photoperiod and brought to flow-
ering as one stem with a single inflorescence. The colour of
the inside and outside ligulate flowers of fully-developed
inflorescences was established visually using the Royal Hor-
ticultural Society Colour Chart (RHSCC 1966).

Statistical analysis

The results were evaluated by the two-factor analysis of vari-
ance (ANOVA) and the HSD Tukey’s test at P=0.05 using
Statistica 12.0 (Statsoft, Cracow, Poland) and Excel add-in
ANALWAR-5.2-FR tools.

Results and discussion

In vitro shoot development and genome size
variation of radiomutants

Cytokinins and auxins are routinely applied during micro-
propagation of plants to increase propagation rate and to
improve the production efficiency (Keresa et al. 2012; Kulus
2020). Unfortunately, callus formation and indirect regenera-
tion of adventitious shoots in the presence of PGRs, espe-
cially cytokinins, may cause some perturbation in the sta-
bility of the resultant plants (Krishna et al. 2016; Vitamvas
et al. 2019). To examine if PGRs influence nuclear DNA
content of in vitro produced plants, two types of media were
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used, medium A (PGR-free) and medium B (supplemented
with BA and IAA).

Only single shoots developed from nodal segments cul-
tured in medium A, in all 11 cultivars (Table 1). Nodal
segments grown in medium B produced more shoots per
explant (1-3; mean 1.8). In medium A shoots were pro-
duced via direct organogenesis from lateral buds, but callus
was formed at the base of explants cultured in medium B,
from which adventitious shoots regenerated (Supplementary
Fig. 1). Chrysanthemum ‘Lady Amber’ produced the high-
est number of shoots (mean 3.0) per explant (Table 1). The
effect of genotype on the multiplication rate was in agree-
ment with earlier findings by Kulus and Zalewska (2014),
who detected differences in sprouting efficiency among four
chrysanthemum cultivars from the Lady group cultured in
the PGR-free MS medium. The addition of PGRs into the
culture medium resulted in an increased multiplication rate
in five of 11 cultivars tested (Table 1). All shoots were vig-
orous and able to spontaneously regenerate adventitious
roots, regardless of the cultivar or medium composition.
The type of mutagen used by Jerzy and Zalewska (1997) for
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the creation of the cultivars did not affect the proliferation
ratio during the single tested multiplication cycle (Fig. 1a).

The ploidy of Chrysanthemum spp. varies from diploid
to octoploid and the number of chromosomes can reach 72
(8 xcultivar of C. X morifolium; Leitch et al. 2019). Most
contemporary ornamental C. X morifolium cultivars are
hexaploids, but due to centuries of both intra- and interspe-
cific crosses, and, more recently, mutation breeding, many
cultivars are aneuploids (2n=6x=54+7 ~ 10 chromosomes;
Teixeira da Silva et al. 2013). As established previously,
chrysanthemums cultivars belonging to the Lady group
used here are hexaploids and possess 54 chromosomes
(Lema-Ruminska and Zalewska 2002). Genome size of
the hexaploid species studied so far varies between 16.13
and 19.90 pg/2C (Leitch et al. 2019) and the genome size
of C. xmorifolium (17.95-19.16 pg/2C; Table 2) studied
here falls within this range. Our estimation of the genome
size of C. X morifolium is similar to this established for
hexaploid cultivars by Ohri et al. (1981) using Feulgen
microdensitometry.

Within an intact periclinal chimera, the differences in
DNA content between individual component genotypes are
impossible to establish cytometrically due to difficulties in
separation of different cell layers. It is only possible after
their separation during regeneration in vitro. The addition
of PGRs to the culture medium affected the nuclear DNA
content in two out of 11 cultivars; genomes of ‘Lady Apri-
cot’ and ‘Lady Salmon’ (both chimeric cultivars) plants
derived from medium B were larger (18.63 and 18.75 pg/2C,
respectively) than for plants grown in medium A (18.32 and
18.51 pg/2C, respectively; Table 2, Fig. 2). This increase,

however, was only 1.7% in ‘Lady Apricot’ and 1.3% in
‘Lady Salmon’, which is attributable to a variation in the
level of individual chromosomes and not the whole genome
(i.e. polyploidization). Similarly, no ploidy changes were
detected in chrysanthemums produced via somatic embryo-
genesis, which grew either in MS PGR-free or supplemented
with PGRs media (Lema-Ruminska and Sliwinska 20009,
2015; Naing et al. 2013). However, in those reports only
relative DNA content/DNA ploidy was established, which
did not allow the detection of smaller than genomic changes.

The present study revealed that all ten radiomutants of
the Lady group possessed a lower nuclear DNA content
(17.95-18.75 pg/2C) than the mother cultivar ‘Richmond’
(about 19.15 pg/2C), regardless of the culture medium used
for multiplication (Table 2). This suggests that the applied
mutagens (X- and y-irradiation) caused considerable dele-
tions from the genome of the original ‘Richmond’ cultivar.
This also may be a result of the stress from irradiation,
which negatively affects the synthesis of DNA, as reported
in other plant species (Oladosu et al. 2016). The decrease in
DNA content caused by mutations observed here, which var-
ied with the cultivar, was substantial and varied from about
1.6% to almost 6%. A similar negative effect of irradiation
(gamma and ion beam) on DNA content in C. morifolium
was reported previously by Yamaguchi et al. (2008, 2010).
Their studies revealed also a negative correlation between
the dose of gamma/ion beam irradiation applied to explants
and the relative DNA content in regenerants. However, no
genome sizes of the mutants were established, so the actual
amount of the DNA decrease is unknown.

Table 2 Nuclear DNA

content of 11 chrysanthemum Cultivar 2C DNA content HSD [pel

(C. X morifolium) cultivars Medium A Medium B

growing in vitro in different

media pg (£ SE) Mbp pg (+SE) Mbp
Richmond 19.14+0.08 a 18,719 19.16+0.10 a 18,738 n.s.
Lady Amber 18.08 +0.04 ef 17,682 18.10+0.02d 17,702 n.s.
Lady Apricot* 18.32+0.05 cde 17,917 18.63+0.04 be 18,220 0.31
Lady Bronze* 18.62+0.06 b 18,210 18.75+0.10 b 18,338 n.s.
Lady Orange* 18.08 +£0.03 ef 17,682 18.14+0.04d 17,741 n.s.
Lady Pink 18.21+0.06 de 17,809 18.37+0.03 cd 17,966 n.s.
Lady Rosy* 17.95+0.06 f 17,555 18.03+0.04d 17,633 n.s.
Lady Salmon* 18.51+0.08 be 18,103 18.75+£0.08 b 18,338 0.25
Lady Vitroflora 18.54+0.06 be 18,132 18.73+0.10b 18,318 n.s.
Lady White 18.48 +0.06 bed 18,073 18.60+0.04 bc 18,191 n.s.
Lady Yellow 18.67+0.05b 18,259 18.69+0.04 bc 18,279 n.s.
Mean 18.42+0.04 18,015 18.54+0.06 18,133 0.12

Values + SE in columns followed by the same letter do not differ significantly at P=0.05 (Tukey’s test)

HSD honest significant difference in rows, n.s. no significant difference

Cultivars marked with an asterisk (*) are periclinal chimeras; medium A—MS PGR-free; medium B—MS

with 0.6 mg L™ BA and 2.0 mg L™ TAA
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Fig.2 Example histograms medium A medium B
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FCM analyses of the in vitro shoots of cultivars belonging
to the Lady group revealed differences between their genome
sizes (Table 2). Within the cultivars grown in medium A
the lowest DNA content, below 18 pg/2C, was in ‘Lady
Rosy’, and the highest in ‘Lady Bronze’ (18.62 pg/2C)
and ‘Lady Yellow’ (18.67 pg/2C). DNA contents in plants
grown in medium B were less diversified, with the lowest
DNA content, slightly above 18 pg/2C, in ‘Lady Amber’,
‘Lady Orange’ and ‘Lady Rosy’, while the remaining cul-
tivars possessed 18.4-18.7 pg/2C. Interestingly, the mean
genome size of the cultivars obtained by X-ray irradiation
was significantly lower than that of the cultivars obtained
by y-irradiation (Fig. 1b). This suggests a greater DNA
damage caused by X-rays while inducing mutations in
chrysanthemum.

Ex vitro growth and inflorescence colour of plants

Chrysanthemum rooting and acclimatization were fully
successful (100% survival rate), regardless of the medium
composition, mutant type, and cultivar. The microshoots
developed evenly into healthy plants; no phenotype altera-
tion occurred during the vegetative growth.

The use of meristematic explants is necessary during the
in vitro propagation of a periclinal chimera to maintain the
arrangement of its histogen layers (Zalewska et al. 2007).
In the current study, all shoots growing from nodal seg-
ments in the PGR-free medium A produced inflorescences
of the same colour as the donor plants. However, there were
changes in inflorescence colour in all or part of the plants
of ‘Lady Amber’, ‘Lady Apricot’, and ‘Lady Salmon’ culti-
vars grown in medium B, supplemented with PGRs (Table 3;
Supplementary Fig. 2). Those changes could be due to soma-
clonal variation or separation of the components of pericli-
nal chimeras, or both.

Among 15 plants of ’Lady Amber’ that regenerated in
medium B, 13 reproduced the original yellow inflorescence,
but two were amber (Table 3). This cultivar is a solid mutant
(Zalewska et al. 2007) and no differences in DNA content
between plants cultured in medium A and B were detected
by FCM (Table 2). Thus, inflorescence colour change could
have been the result of point mutation(s) undetectable by this
method. For those plants, the detection of genetic stability
using molecular markers or genome sequencing need to be
applied (Miler and Zalewska 2014; Butiuc-Keul et al. 2016;
Jo and Kim 2019).

A separation of chimera components probably occurred
in "Lady Apricot’ and 'Lady Salmon’ chrysanthemums pro-
duced in medium B. All ’Lady Apricot’ plants produced
purple inflorescences instead of orange and those of *Lady
Salmon’ segregated into pale flesh pink and creamy pink
(5, 2, and 4 plants, respectively). The hypothesis of sepa-
ration of chimera components is supported by the results

of Zalewska et al. (2007), who by using the same cultivars
obtained a separation among plants produced from leaf
explants; plants of "Lady Apricot’ produced purple and
purple-gold inflorescences, and of ’Lady Salmon’ pink and
white. Chimera compounds separation was also reported
by Canli and Skirvin (2008) for Rosa multiflora Thunb ex.
J. Murr. cultured in vitro under various levels of BA. In
their study, the chimeral thornless sport *Fairmount 1’ sepa-
rated into its constituent genotypes and yielded thorny and
thornless plantlets. Since the authors found a linear positive
relationship between BA concentration and the percentage
of thorny plants, they suggested that BA stimulates chime-
ral segregation. In the present experiment, it was expected
that in "’Lady Apricot’ chrysanthemums at least some of the
plants would exhibit the typical orange fluorescence pheno-
type of the cultivar, but all plants produced purple inflores-
cences in medium B. This indicates the high instability of
this cultivar, in which the rearrangement of histogen layers
in the axillary meristem probably took place in the presence
of PGRs.

Changes in the phenotype of Lady Apricot’ and ’Lady
Salmon’ chrysanthemums produced in medium B coincide
with an increase in nuclear DNA content (Table 2). This
is indicative of considerable differences in DNA content
between particular histogen layers in these cultivars. This is
supported by studies on DNA polymorphism using RAPD
markers in three chrysanthemum cultivars and their radi-
omutants, which revealed differences between two genotypes
co-existing within one chimera plant (Miler and Zalewska
2014). Cytochimerism was not detected (i.e. plants of dif-
ferent ploidies) in the studied material. In contrast, lemon
plants recovered from y-irradiated embryonic callus con-
tained diploid and tetraploid cells (Obrovi¢ et al. 2008).

The genome size and inflorescence colour of ’Lady
Bronze’, ’Lady Orange’, and Lady Rosy’ chrysanthemums,
which are periclinal chimeras, remain stable after multiplica-
tion in PGR-fortified medium (Table 3).

Conclusions

Genome size estimation is one method to check the genetic
stability of plant material produced in vitro (Sliwinska 2018).
The present research reveals that in chimeric chrysanthemum
cultivars an increase of DNA content in plants grown in PGR-
supplemented medium coincides with a change in inflores-
cence colour in the mature plants (Supplementary Table 1).
Lack of increased DNA content indicates stability of inflores-
cence colour. Among solid mutants, which are considered to
be genetically stable, in one of five cultivars inflorescence col-
our changed without a change in DNA content. In the changed
cultivar, somaclonal variation was below FCM detectability.
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Table 3 Inflorescence colours of regenerants of 11 chrysanthemum (C. X morifolium) cultivars grown in different media.

Medium A

Medium B

Colour of inflorescence

Colour of inflorescence

Code

Cultivar . .Code . Number Number
inside/outside o (%) of  inside/outside o (%) of
Description plants Description plants
(RHSCO) (RHSCC)
Richmond  60A/I86B  Purple-pink W€ 5(100) 60A/186B  Purple-pink i€ 7(100)
W
9A/9C Yellow %m“é 13 (86.7)
Lady W0
Arnber 9A/9C Yellow %ggé 5 (100) %
14 A/10A  Amber 2(13.3)
Lady
Apricotx  2C/18A - Orange S 5(100) 75D/69D  Purple * 5 (100)
Lady
Bronze* 163A/6C Brown * 5(100) 163A/6C Brown * 6 (100)
Lady
Ornges 13M12B Dark yellow $E sa00)  1B3A2B Darkyellow g 8(100)
LadyPink ~ 69A/69D  Pink  JM€ 5(100)  69A/69B Pink 3 9(100)
Lady Rosy* 84C/1SSD  Darkpink S& 5(100) 84C/ISSD Darkpink S&  6(100)
10B/10A  Pale flesh
0B/10 ale fles % 5 (45.4)
Lady 10B/10A  Pale flesh saooy ¢/ Pink * 2(18.2)
Salmon* %
158D/159D Creamy- 3%
. T 40364)
pink
Lady
Vieoflora | 79B/7SD Purple 5(100)  75B/75D  Purple 9 (100)
W . N7
Lady White 122/ 139D Whiee S& 5(100) ISSDISSD - wpike S& 11(100)
Lady /2 N,
- 12A/12B Yelow S& 5(100) 124/12B Yellow S&  7(100)

Cultivars marked with an asterisk (*) are periclinal chimeras; medium A—MS PGR-free; medium B—MS with 0.6 mg L™! BA and 2.0 mg L™!

T1AA

RHSCC Royal Horticultural Society Colour Chart (1966)
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In the unchanged four, PGRs addition did not cause a change
in either DNA content or inflorescence colour. Thus, genome
size estimates at the early stage of plant production in 10 out
of 11 cultivars correctly indicates either stability or change
of the inflorescence colour (only in ‘Lady Amber’ inflores-
cence colour changed despite a stable genome size). Conse-
quently, FCM measurement of nuclear DNA content at the
in vitro multiplication stage can be recommended for detec-
tion of variation in this important phenotypic trait in chry-
santhemums especially in periclinal chimeras. FCM does not
guarantee detection of small changes in DNA content (below
1%) in solid mutants; for such material molecular methods are
required to estimate genetic stability.

The addition of PGRs to culture media improves the
multiplication efficiency in some chrysanthemum cultivars,
although it may affect the genetic stability, even when using
nodal segments as the source of explants. Due to the high
risk of uniformity loss, which in three cultivars in the cur-
rent study varied from 13 to 100% of plants with changed
inflorescence colour, micropropagation of chrysanthemum
should be performed using meristematic explants and in
a medium without PGRs. This protocol, despite a lower
multiplication rate, guarantees the maintenance of genetic
integrity in the cultivar, which, in turn, eliminates the risk of
financial losses due to the production of uneven plant mate-
rial. However, if producers prefer to increase the multiplica-
tion rate, the risk of losing genetic fidelity of the commercial
plant material can be considerably lowered by using FCM
analysis or eliminated by use of molecular markers.

As shown here, FCM can be also applied in chrysanthe-
mum mutation breeding for radiomutant screening. Since
irradiation causes DNA damage, mutants possess a lowered
nuclear content compared to the original plant material,
especially after using X-rays.
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