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Abstract

Despite the tremendous progress in breeding, novel and user-friendly techniques of plant improvement are desirable. The
study aimed to analyze the usefulness of silver nanoparticles (AgNPs) in the breeding of chrysanthemum: one of the top
ornamental plant species. In vitro regeneration of adventitious shoots from internodes of chrysanthemum ‘Lilac Wonder’
was induced on the modified Murashige and Skoog (MS) medium supplemented with 0.6 mg L™ 6-benzylaminopurine
(BAP), 2 mg L~ indole-3-acetic acid (IAA) and AgNPs at 0, 5, 10 and 20 ppm concentration. The efficiency of callogenesis
and caulogenesis were analyzed after 10 weeks of culture. The concentration of chlorophylls, carotenoids, and phenolic
compounds in shoots and calli were estimated. Plants obtained from 20 ppm AgNPs treatment were additionally analyzed on
the genetic level using randomly amplified polymorphic DNA (RAPD) and inter simple sequence repeats (ISSR) markers.
In vitro rooted shoots were acclimatized in the glasshouse and subjected to biochemical and phenotype stability evaluation.
AgNPs at the highest concentration (20 ppm) suppressed both callogenesis and caulogenesis in vitro. The concentration of
metabolites in callus was stable, regardless of AgNPs treatment, except for carotenoids which production was enhanced by
20 ppm AgNPs. In contrast, the content of chlorophyll a and b in shoots varied depending on AgNPs treatment. Polymorphic
loci were detected in 12 and 9 AgNPs-treated-plants by RAPD and ISSR markers, respectively (one of which was common
to both marker systems). Rooting and acclimatization were fully successful in all experimental combinations. Phenotype
alternations were detected in six plants; one from 10 ppm AgNPs treatment and five from 20 ppm treatment. They included
variation in pigment content (anthocyanins and carotenoids) and/or inflorescence shape. Interestingly, only two plants
revealed both genetic and phenotype polymorphisms. No genetic or phenotype variation was detected in the control plants.
In conclusion, AgNPs can be used in chrysanthemum breeding.

Key message
Silver nanoparticles added to the culture medium affect the regeneration and metabolism of plants. Moreover, they may be
a source of significant genetic and phenotype variation in the in vitro-propagated chrysanthemum.

Keywords Chrysanthemum X grandiflorum - ISSR - Metabolites - Mutagenesis - Nanotechnology - RAPD

Introduction

Chrysanthemum X grandiflorum /Ramat./Kitam. is one of
the most valuable and popular ornamental plant species in
the horticultural market. It is produced for cut flowers, in
pots, undercover and in the ground. Chrysanthemum occu-
pies the second place on the world sales list, following the
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the great number of cultivars available, customers and breed-
ers are constantly searching for new phenotypes.

The most commonly applied breeding methods with
chrysanthemum include generative crossing (hybridization),
mutation breeding and somaclonal variation induction, as
well as genetic transformation (Teixeira da Silva and Kulus
2014). Chrysanthemum is a species with a quite high fre-
quency of induced and spontaneous mutation occurrence,
especially the pink/purple flowering cultivars. Similarly to
other plant species, mutations in chrysanthemum are usually
recessive, i.e. the dominant allele changes to the recessive
type, which makes the effect easily identified on the pheno-
type level when in homozygous combination (Nanjundiah
1993). Typically, the variation is visible as the change in
color, shape, or size of inflorescence, already in the first
mutant generation (Zalewska et al. 2010, 2011). Due to the
development of in vitro technologies, mutants can be eas-
ily propagated, even chimeras composed of cells with more
than one distinct genotype (Tymoszuk et al. 2014). Tissue
culture has tremendous potential in breeding, which is still
not fully exploited. The addition of metal nano-colloids into
the culture medium can become a cheap, easy, and effective
way not only to stimulate the explant regeneration (Tymo-
szuk and Miler 2019), but also to induce genetic variation.

Nanoparticles (NPs) are defined as atomic or molecular
aggregates of size less than 100 nm in at least one dimension
and characterized by unique physicochemical properties,
i.e. high surface to volume ratio, high reactivity, and easy
absorption by cells (Fayez et al. 2017; Singh et al. 2018).
Carbon nanotubes, aluminum, copper, gold, iron, silver, sil-
ica, zinc, zinc oxide, and titanium dioxide nanoparticles are
among the most commonly manufactured NPs worldwide
(Khot et al. 2012; Sabir et al. 2014; Cvjetko et al. 2018).
They are used in numerous disciplines, e.g. optics, electron-
ics, energetics, material sciences, medicine, and life sciences
(Reed et al. 2012; Faizan et al. 2018; Hou et al. 2018).

Despite the increasing application of nanotechnology in
agriculture, the genotoxic effects of NPs have been poorly
studied in plants, while the majority of research focused
on mammalian and bacteria organisms (Mehrian and De
Lima 2016). Therefore, studies with plant materials are also
needed. Nanoparticles induce genotoxicity either directly or
indirectly. In the direct mechanism, NPs are passing through
the cell and nucleus membrane and interact with the DNA
mechanically or by chemical binding. Indirect genotoxicity
of NPs results from interaction with the nuclear proteins
(involved in replication, transcription, translations, etc.) or
induced oxidative stress (Mehrian and De Lima 2016). Vari-
ous chromosomal abnormalities, such as chromatin bridge,
stickiness, disturbed metaphase, and chromosomal breaks
affecting the mitosis were reported in Vicia faba root-tips
exposed to AgNPs (Patllola et al. 2012), Allium cepa root-tip
meristems exposed to zinc oxide nanoparticles (ZnONPs)
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(Kumari et al. 2011), A. cepa root-tip cells exposed to
AgNPs (Panda et al. 2011), and other NPs-treated crops
(Ghosh et al. 2019). Consequently, nanoparticles may affect
the development, metabolism, and phenotype of plants.
Interestingly, the impact of nanoparticles on plant growth
and development strongly depends on the chemical composi-
tion of NPs, their size, shape, surface area, surface coatings,
concentration, type of synthesis (chemical or biosynthesis),
solvent applied, as well as the plant itself; its genotype, age,
developmental stage, or chemical milieu of the cell (Barrena
et al. 2009; Dietz and Herth 2011; Syu et al. 2014; Vannini
et al. 2014; Barbasz et al. 2018). An increase in shoot and
root length, leaf surface, and protein content in common
bean (Phaseolus vulgaris L.) and corn (Zea mays L.) were
reported after treating the in vivo-grown plants with low
concentrations of AgNPs (20-60 ppm). Higher concentra-
tions inhibited the growth of plants (Salama 2012). Silver
nanoparticles applicated at the concentration of 10 ppm
inhibited the regeneration of adventitious roots in vitro in
chrysanthemum and gerbera (Gerbera X jamesonii H. Bol.),
but, at the same time, improved the efficiency of Cape Prim-
rose (Streptocarpus X hybridus Voss) micropropagation
(Tymoszuk and Miler 2019). On the other hand, there are
no studies on the mutagenic properties of AgNPs inducing
somaclonal variation in in vitro propagated plants.

The aim of this study was to verify, for the first time,
the genetic, biochemical, and phenotype stability of chry-
santhemum ‘Lilac Wonder’ treated in vitro with AgNPs at
the concentration of 5, 10 or 20 ppm. The ‘Lilac Wonder’
cultivar is characterized by pink, full semi-ball inflorescence
and was previously successfully used in breeding programs,
which confirmed its genetic uniformity; i.e. non-chimeric
structure (Zalewska et al. 2010).

Materials and methods

Regeneration medium and general growing
conditions in vitro

In the experiment, the Murashige and Skoog (MS) basal
medium was used (Murashige and Skoog 1962), modi-
fied with the increased by half content of calcium and
iron (660 mg L~! CaCl,-2H,0, 41.7 mg L~! FeSO,-7H,0,
and 55.8 mg L~! Na,EDTA-2H,0) (Chemia, Bydgoszcz,
Poland). The medium was supplemented with plant growth
regulators (PGRs): 0.6 mg L™! 6-benzylaminopurine (BAP)
and 2 mg L! indole-3-acetic acid (IAA) (Sigma-Aldrich, St.
Louis, MO, USA) to stimulate the regeneration of adventi-
tious shoots. Silver nanoparticles (AgNPs) were added into
the medium at the concentration of 5, 10 or 20 ppm (0.005;
0.01; 0.02 mg mL~!, respectively). The medium contained
30 g L™! sucrose and was solidified with 0.8% (w/v) Plant
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Propagation LAB-AGAR™ (BIOCORP, Warsaw, Poland)
having added all the nutrients, before autoclaving at 121 °C
for 20 min. The medium pH was set to 5.8. Tissue cultures
were kept in 350-mL glass jars sealed with plastic caps,
poured with 40 mL of the medium.

In vitro cultures were kept in the growth room at the tem-
perature of 23 + 1 °C, exposed to a 16/8-h day/night regime,
using Philips TLD 36 W/54 fluorescent lamps emitting cool
daylight (Koninklijke Philips Electronics N.V., Eindhoven,
the Netherlands), at approximately 35 pmol m~ s~! photo-
synthetic photon flux density.

Detailed characteristics of nanoparticles

Silver nanoparticles (AgNPs) were purchased from Nano-
particles Innovation NPIN s.c. (L6dZ, Poland). According
to the manufacturer information, AgNPs were produced by
the seeded-mediated growth method described elsewhere
(Domeradzka-Gajda et al. 2017; Pudlarz et al. 2018). The
synthesis was set to obtain the final concentration of nano-
metal at 100 ppm. The hydrodynamic size of AgNPs in col-
loids was 23 +4 nm, confirmed by Dynamic Light Scatter-
ing (DLS; Nano ZS Zetasizer system, Malvern Instruments,
Malvern, UK). The size and size distribution were measured
by Scanning Transmission Electron Microscopy (STEM)
(Nova NanoSEM 450, FEI™, Hillsboro, OR, USA), at accel-
erating voltage 30 kV, and reached 20 + 3 nm (Fig. 1).

Plant material and adventitious organogenesis

Chrysanthemum X grandiflorum /Ramat./Kitam. ‘Lilac Won-
der’ internodes, dissected from plantlets multiplied previ-
ously in vitro with the single-node method on the modified
MS medium without PGRs or AgNPs (MSO0), were used as
explants and inoculated horizontally on the regeneration
medium. Five internodes were placed per jar, 10 jars were
used in each experimental object. Two jars were considered
a single repetition; i.e. five repetitions were included. Inter-
nodes inoculated on the regeneration medium without the
addition of AgNPs (0 ppm) were used as the control. For
nine successive weeks, the dynamics of shoots regeneration

was observed. In the 10th week of culture, the share of
explants forming calli, share of explants forming shoots,
and the mean number of shoots per inoculated explant were
estimated.

Regenerated adventitious shoots (not hyperhydrated and
longer than 2 cm), 85-100 from each experimental com-
bination, were transferred onto the modified MS rooting
medium supplemented with 2.0 mg L™ TAA for 2 weeks.
Additionally, a genotype/phenotype standard of ‘Lilac Won-
der’ consisting of 25 shoots multiplied previously in vitro
via the single-node method on the modified MSO medium
was included for genetic analyses and ex vitro cultivation.

Genetic stability evaluation

The genetic fidelity of 20 ppm AgNPs-treated plants, after
10 weeks of in vitro culture, was assessed using randomly
amplified polymorphic DNA (RAPD) and inter simple
sequence repeats (ISSR). A total of 85 adventitious shoots
produced from AgNPs-treated explants and 25 untreated
in vitro-grown standard plants were included in the analysis.

Total genomic DNA was isolated from fresh tissues using
a Genomic Mini AX Plant SPIN Kit (A&A Biotechnology,
Gdynia, Poland), according to the manufacturer’s instruc-
tion. The concentration of DNA was measured and stand-
ardized with a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). The isolated DNA
was stored at 4 °C.

A total of 10 primers (5 RAPD and 5 ISSR) were used for
the PCR reaction. PCR was performed in a BioRad C1000
Touch thermal cycler with heated cover (Bio-Rad, Hercules,
CA, USA) in the 25-pL reaction solution. The composition
of reaction solution, PCR profiles, and electrophoretic sepa-
ration of amplified DNA fragments were described in Lema-
Rumiriska et al. (2019). Gel images were recorded using a
GelDoc XR + Gel Photodocumentation System (Bio-Rad,
Hercules, CA, USA) UV transilluminator with Image Lab
4.1 software. Molecular weights of the fragments were esti-
mated using a 1005000 bp DNA molecular marker (Gene
Ruler ™ Express DNA Ladder, Thermo Fisher Scientific,
Waltham, MA, USA).
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The banding patterns were recorded as 0—1 binary matri-
ces, where “1” indicates the presence and “0” the absence of
a given fragment followed by statistical analysis. For every
primer tested, the numbers of monomorphic, polymorphic
(present in the electrophoretic profile of more than one indi-
vidual) and specific/unique loci (present in the electropho-
retic profile of a single individual) were counted.

Acclimatization, ex vitro cultivation, and phenotype
evaluation

For acclimatization, rooted plantlets were planted into plas-
tic cuvettes filled with a disinfected (0.2%, w/v, Benlate
50WP; DuPont, Wilmington, DE, USA) mixture of peat
substrate (Hartman, Poznan, Poland) and perlite (Perlit,
Senov u Nového Ji¢ina, The Czech Republic) (2:1, v/v).
Acclimatization was performed for two weeks in June in
natural light conditions in a glasshouse. Plants were regu-
larly sprayed with water and covered with perforated foil.
Next, the plants were transferred to plastic pots filled with
peat substrate (Hartman, Poznari, Poland), cultivated in the
greenhouse in natural photoperiod by applying the stand-
ard method, i.e. one stem with a single inflorescence, and
brought to full flowering.

Observation was done to identify the mutants (plants of
changed morphological traits) and mutations corresponding
to the altered traits. The frequency of mutant and mutation
occurrence was determined against the total number of flow-
ering plants. The mutants were distinguished by defining
the color and shape of the inflorescences of the standard,
control, and plants treated with AgNPs. The color of the
inner and outer sides of ligulate florets of fully-developed
inflorescences was established using the Royal Horticultural
Society Colour Chart catalog (RHSCC 1966).

Biochemical array

Chlorophylls and carotenoids were extracted from in vitro
regenerated calli and adventitious shoots in the 10th week
of culture, as described by Lichtenthaler (1987) using 100%
acetone (Chemia, Bydgoszcz, Poland) and 100 mg tissues
samples in six repetitions. Analysis of the total phenolic
content was performed according to the Folin—Ciocalteau
procedure (Waterhouse 2001) using 200 mg shoot samples
in six repetitions. The total phenolic content was calculated
using gallic acid (Sigma-Aldrich, St. Louis, MO, USA) as
the calibration standard.

The analysis of pigments in ligulate florets in the standard
and in six ex vitro-grown mutants was performed. Three
samples from each tested inflorescence at the full flower-
ing stage were prepared. Carotenoids were extracted from
100 mg samples of ligulate florets with the use of 100%
acetone (Chemia, Bydgoszcz, Poland) (Lichtenthaler 1987).
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Anthocyanins were extracted using 200 mg ligulate florets
samples and methanol containing 1% HCI (v/v) (Chemia,
Bydgoszcz, Poland) according to the Harborne (1967)
method.

The spectrophotometric analysis of extracts was per-
formed in a two-beam spectrophotometer UV-VIS 1601-
PC (SHIMADZU, Kioto, Japan) at specific wavelengths
(Amay): for anthocyanins (cyanidin-3-glucoside) at 530 nm,
for chlorophyll a and b at 645 and 662 nm, for carotenoids
at 470 nm, and for phenolics at 765 nm, respectively. The
content of pigments and phenolics was calculated per gram
of fresh matter.

Statistical analysis

The experiment was set up in a completely randomized
design. Data were statistically verified using Statistica 12.0
(StatSoft Polska, Cracow, Poland) software. The analysis
of variance (ANOVA) was performed and means were
compared with Fisher’s exact test at the significance level
of p<0.05. To obtain the normal distribution of the data
expressed as a percentage, the Freeman-Tukey transforma-
tion was used. Tables with results provide real, untrans-
formed numerical data, with the alphabet indicating the
homogeneous groups.

The coefficient of genetic distance based on Nei and Li
algorithm (1979) was calculated by a comparison of the
predominant band pattern of the standard plants with the
band patterns of the adventitious shoots regenerated from
the explants treated with AgNPs. The dendrograms were cre-
ated based on agglomerative hierarchical clustering (AHC)
with unweighted pair group average method (UPGMA)
using Statistica 12.0. Population groups were distinguished
based on the analysis of molecular variance (AMOVA) and
principle cluster analysis (PCoA) estimates using GeneAlEx
6.5 software (Peakall and Smouse 2012) with the assump-
tion that AgNPs-treated and standard plants are two separate
populations.

Results

Adventitious organogenesis and biochemical
stability of in vitro-produced calli and shoots

During the first week of culture, all of the inoculated inter-
nodes grew visually longer and swollen, particularly in the
area of cutting. In the same week, the formation of green
callus began. Starting from the third week, browning of calli
was observed, especially in internodes cultured on media
with the addition of AgNPs. The first adventitious shoots
appeared in the third week of culture on control explants and
explants cultured on media with AgNPs (Fig. 2). All shoots
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Table 1 Regeneration of callus and adventitious shoots on Chrysanthemum X grandiflorum ‘Lilac Wonder’ internodes cultured for 10 weeks on
the modified MS medium with AgNPs (020 ppm), 0.6 mg L™! BAP and 2 mg L™' IAA

Concentration of AgNPs % of explants forming callus % of explants forming shoots Mean number of
shoots per explant

0 ppm (control) 100.0a* 94.0a 5.58+0.75a
5 ppm 86.0ab 80.0ab 4.40+1.26ab
10 ppm 78.0ab 74.0ab 3.34+2.12ab
20 ppm 50.0b 46.0b 2.60+3.27b

*Values represent means + standard deviation, five repetitions were included, ten explants in each. Means in columns followed by the same letter
do not differ significantly at p<0.05 (Fisher’s test)
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of 5 or 10 ppm did not statistically differ from the control
object or the 20 ppm AgNPs-treatment in terms of the effi-
ciency of shoot regeneration.

Calli regenerated on control and AgNPs-treated inter-
nodes did not differ in terms of the content of chlorophyll a,
chlorophyll b, total content of chlorophylls (a + b), and chlo-
rophyll a/b ratio (Table 2). A higher carotenoid concentra-
tion was found in calli proliferated on internodes treated with
20 ppm AgNPs compared to the other experimental objects.
Adventitious shoots regenerated on the control medium and
with 5 ppm AgNPs produced more chlorophyll a and (a + b)
than adventitious shoots regenerated on the medium with 10
or 20 ppm AgNPs. No differences were found in shoots for
the chlorophyll a/b ratio and carotenoid content. The appli-
cation of silver nanoparticles, irrespective of concentration,
did not influence the content of total phenolic compounds
neither in the regenerated calli nor adventitious shoots.

Genetic stability of in vitro-produced
chrysanthemums

Diverse results were found with the two marker systems:
RAPD and ISSR. A total of 2777 scorable bands, in the
range of 330-3080 bp, were detected by five RAPD prim-
ers in 85 AgNPs-treated plants (Table 3). The highest num-
ber of loci (11) was amplified with the R-E primer, while
six loci were found with the R-B primer. Primers R-A and
R-B did not detect any polymorphisms. On the other hand,
90.0% loci were polymorphic (in 5 different genotypes)
according to the R-C primer (Fig. 4). A total of 12 poly-
morphic plants (all obtained after AgNPs treatment) were
detected within the RAPD analysis. No polymorphisms
were found in the standard plants.The ISSR marker sys-
tem generated fewer products than RAPD; 1953 scorable
bands, in the range of 326-4764 bp (Table 3). The highest

Table 2 Content of pigments and phenolic compounds (mg g~! fresh
matter) in calli and adventitious shoots regenerated from internodes
of Chrysanthemum X grandiflorum ‘Lilac Wonder’ after 10 weeks of

number of loci (7) was found with the I-A primer (Fig. 4),
while primers I-B, I-C, and I-E amplified four loci. Poly-
morphic loci were detected only by the I-A primer. No
specific/unique amplicons were detected in the study. Poly-
morphic bands were found in nine AgNPs-treated plants,
within seven genotypes, but not in the standard.

Various primers and marker systems detected varia-
tion in different plants, except for one individual (no. 33)
reported as polymorphic by both RAPD and ISSR. Clus-
ter analysis of the RAPD marker system showed that the
tested specimens were grouped into two clusters (Fig. 5).
The highest genetic distance (2.8) was found for individual
no. 61. The remaining plants were grouped into the second
cluster, which was further divided into smaller sub-clus-
ters, with the largest one containing 98 individuals. The
genetic distance between individuals in the second cluster
ranged from 0.0 (in most cases) to 2.0. As for the ISSR
data, individual no. 26 was the most distinctive (genetic
distance: 1.4) and placed in a separate cluster (Fig. 5). The
remaining 109 plants were grouped in the second clus-
ter, divided into five sub-clusters. The genetic distance
between all eight polymorphic individuals and the pre-
dominant reference was identical—1.0.

The PCoA analysis arranged the studied plants in four
(RAPD) and three (ISSR) groups of uneven size (Fig. 6).
However, various genotypes were placed in those groups
for RAPD and ISSR markers, respectively. According
to the AMOVA analysis of RAPD data, treatment with
AgNPs had a significant influence on the occurrence of
genetic variability in chrysanthemum ‘Lilac Wonder’. On
the other hand, no such influence was found with the ISSR
markers.

culture on the modified MS medium with AgNPs (0-20 ppm), 0.6 mg
L~'BAPand 2 mg L™' IAA

Concentration of AgNPs  Chlorophyll @  Chlorophyll &  Chlorophyll a/b ratio  Chlorophylls (a+b) Carotenoids Phenolic compounds
Calli
0 ppm (control) 0.12+0.06a* 0.10+0.11a  2.02+1.75a 0.22+0.17a 0.04+0.01b 11.88+1.13a
5 ppm 0.21+£0.092a  0.23+0.14a 1.04+0.29a 0.44+0.23a 0.04+0.01b 14.92+4.96a
10 ppm 0.15+£0.03a  0.12+0.04a 1.28+0.29a 0.27+£0.07a 0.03+0.01b 13.33+1.70a
20 ppm 0.20+0.08a  0.19+0.14a 1.44+0.73a 0.39+0.22a 0.05+0.01a 12.13+2.64a
Adventitious shoots
0 ppm (control) 0.50+0.09ab  0.30+0.05ab  1.61+0.19a 0.81+0.13ab 0.13+0.03a  11.03+6.88a
5 ppm 0.53+0.22a  0.34+0.15a 1.61+0.28a 0.87+0.36a 0.12+0.05a 11.45+7.14a
10 ppm 0.32+0.06c  0.19+0.05b 1.70+0.36a 0.51+0.10c 0.09+£0.03a  7.77+3.95a
20 ppm 0.34+0.13c  0.19£0.12b  2.29+0.96a 0.53+£0.25¢ 0.09+0.04a  6.53+2.29a

*Values represent means =+ standard deviation, six repetitions were included. Means in columns followed by the same letter do not differ signifi-

cantly at p<0.05 (Fisher’s test)
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Fig.4 Example RAPD (A)
and ISSR (B) band profiles of A
Chrysanthemum X grandiflorum
received as a result of electro-
phoresis of the DNA amplifica-
tion products obtained with the
R-C and I-A primers. Outer-
most lanes (wm) are DNA bp
weight markers; 1, 2, 3, ...—are
numbers of plants (1-3 standard
plants, 4-38 adventitious shoots
produced after 20 ppm AgNPs
treatment); arrows point to
profiles that differ from the
reference

l

— - o - - -

Phenotype evaluation and biochemical stability
of ex vitro-cultivated chrysanthemums

Rooting and acclimatization were 100% successful for the
standard, control object, and the AgNPs-derived adventitious
shoots (Table 4). Flowering occurred in 92.9-98.0% chry-
santhemums, and was not significantly affected by AgNPs
treatment (Table 4). Plants of the standard and after 0-5 ppm
AgNPs-treatment formed typical pink, full, and semi-ball
inflorescences (Tables 4, 5). One mutant was found among
flowering 10 ppm AgNPs-derived plants (Individual no. 1).
The mutation was phenotypically manifested as the change
of inflorescence color—from pink to pink-gold (Tables 4,
5; Fig. 7). On the other hand, five mutants with altered phe-
notype traits were observed among 20 ppm AgNPs-treated
chrysanthemums. The frequency of mutant and mutation
occurrence in this experimental object amounted to 6.3%
and 8.9%, respectively. Most of the variations were related
to inflorescence color change (in six plants)—from pink
to light pink, burgundy-gold, and dark pink. Two of those
plants additionally had a changed inflorescence shape—Indi-
vidual no. 63 (semi-full with the visible disc of ray florets)
and Individuals no. 82 (irregular). Individual no. 71 was of
chimeric structure, in which part of one ligulate floret was
covered with a narrow sector of red color.

The spectrophotometric analysis of pigment extracts
from ligulate florets showed that changes in the color of
mutant inflorescences were a result of both quantitative and
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qualitative differences in the content of pigments (Table 5;
Fig. 7). Unlike the standard, inflorescences of Individual
no. 1 (from 10 ppm AgNPs treatment) and Individual no. 77
(20 ppm AgNPs) contained carotenoids. In three plants (one
from 10 ppm treatment and two from 20 ppm), an increase in
the content of anthocyanins was reported. Ligulate florets of
Individuals no. 1, 63, and 71 (all from 20 ppm AgNPs treat-
ment) were characterized by a lower content of anthocyanins
compared to the standard.

Discussion

Impact of AgNPs on the morphogenetic
and biochemical events in chrysanthemum in vitro

The present study indicates a significant impact of silver
nanoparticles on the regeneration capability of chrysanthe-
mum explants. None of the AgNPs treatments improved
the regeneration efficiency in ‘Lilac Wonder’ cultivar com-
pared with the untreated control. Higher AgNPs concentra-
tion (20 ppm) even inhibited callogenesis and caulogenesis
in vitro, possibly as a result of cell damage or cell-cycle
arrest not observed at lower concentrations (5—-10 ppm)
(Ghosh et al. 2016). Similar morphogenesis-inhibitory-
effects were reported in chrysanthemum explants treated
with physical mutagens, such as X or gamma radiation
(Zalewska et al. 2010, 2011). Application of 40 and 60 ppm
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Fig.5 Dendrograms based on the estimation of genetic distance coef-
ficient and UPGMA clustering presenting the relationships between
20 ppm AgNPs-treated (1-85) and standard plants (86—110), revealed
by the randomly amplified polymorphic DNA (RAPD) and inter sim-
ple sequence repeats (ISSR) analyses. Plants representing the same
band pattern as the predominant standard are collected within a single
group named ‘Monomorphic’. The scale shows a real genetic distance
value

AgNPs resulted in swelling, length reduction, and defor-
mation of calli cells in two wheat (Triticum aestivum L.)
cultivars (Barbasz et al. 2016). On the other hand, silver and
gold nanoparticles (10 ppm) improved the efficiency of Cape
Primrose micropropagation (Tymoszuk and Miler 2019). As
for barley (Hordeum vulgare L.) tissue culture, a positive
effect of TiO, nanoparticles on the fresh weight of callus
was found (Mandeh et al. 2012). This underlines a species-,
NPs-type- and concentration-dependent effect of nanopar-
ticles reported also by other authors (Dietz and Herth 2011;
Syu et al. 2014). To summarize, an increase in AgNPs con-
tent over 20 ppm is not recommended for chrysanthemum
micropropagation, but might be useful in mutation induction
as shown in this study.

The increase in carotenoid content in callus and decline
in chlorophyll a and (a + b) concentrations in adventitious
shoots regenerated after 20 ppm treatment may be a result
of oxidative stress induced by AgNPs (Jaleel et al. 2009).

The toxicity of nanoparticles can be associated with the
release of toxicants from their surface, such as metal
ions or residues after synthesis (Barbasz et al. 2016). To
cope with oxidative stress, plants have developed several
strategies to scavenge free reactive oxygen species (ROS)
produced in excess under stress conditions in cells. Non-
enzymatic strategies are based on the increased biosyn-
thesis of small molecules with antioxidant properties, e.g.
plastid localized carotenoids (Dumont and Rivoal 2019;
Yan and Chen 2019). This explains the increase in carote-
noid concentration in callus after application of the highest
(20 ppm) AgNPs concentration in the current study. Simi-
larly, an increase in shoot carotenoid content as a result
of AgNPs application was found in rice (Oryza sativa L.),
suggesting that carotenoids perform an important function
in the reduction of ROS effects caused by nanoparticles
(Mirzajani et al. 2013).

Chlorophyll, on the other hand, is the most non-stable
pigment within the plant. During stress, inhibition in the
activity of enzymes, such as d-aminolevulinic acid dehy-
dratase and protochlorophyllide reductase, key to chloro-
phyll biosynthesis is found (Van Assche and Clijsters 1990).
This may explain the observed variation in its content. A
decline in chlorophyll a and chlorophyll b content was also
reported by Fayez et al. (2017) in barley plants after appli-
cation of 50 and 100 ppm AgNPs. Exposure to silver nano-
particles reduced also the total chlorophyll content in mung
bean (Vigna radiata (L.) R. Wilczek), filed mustard (Bras-
sica campestris L.) (Mazumdar 2014), and an aquatic plant
species Lemna gibba L. (Dewez et al. 2018).

Polyphenols are a marker of oxidative stress in plants
and part of a defense system, associated with the activity
of ROS (Noctor et al. 2015). The significance of phenolic
compounds in the protection against AgNPs-induced oxi-
dative stress was reported in barley (Fayez et al. 2017) and
water hyssop (Bacopa monnieri (Linn.) Wettst.) (Krishnaraj
et al. 2012). Surprisingly, in the current study, the level of
phenolic compounds in 10-week-old calli and shoots was
constant, irrespective of AgNPs treatment. This suggests that
stress response related to phenolic compounds biosynthesis
in the tested cultivar might have been short and reversible,
as suggested by Cvjetko et al. (2018). Another explanation
is that the applied concentrations of AgNPs were too low
to induce their production. According to Yasur and Rani
(2013), phenols content in roots and shoots of 7-day-old
castor (Ricinus communis L.) seedlings increased with
the increase in the concentration of AgNPs up to 500 and
1000 ppm, respectively, and then, decreased gradually at the
concentrations of 2000 and 4000 ppm. Similarly, increased
phenolic compound content in 3-week-old Nigella arvensis
L. seedlings was observed only after the treatment with high
concentrations of Al,O;NPs (100-2500 ppm) and NiONPs
(2500 ppm) (Chahardoli et al. 2020).
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Fig.6 Graphs of principal
coordinates analysis (PCoA) of RAPD
Chrysanthemum X grandiflorum
plants obtained after 20 ppm
AgNPs treatment (1-85) and * 61
in standard (86-110), based on
randomly amplified polymor-
phic DNA (RAPD) and inter
simple sequence repeats (ISSR) &
analyses. Plants representing the 35 ¢ AgNPs
same band pattern as the pre- I}
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Table 4 Rooting, acclimatization, and flowering in Chrysanthemum X grandiflorum ‘Lilac Wonder’ as a result of AgNPs treatment
Treatment No. of shoots trans- No. of acclimatized and ~ No. (%) of No. of Frequency of  No. of Frequency
ferred on rooting ex vitro cultivated shoots  flowering mutants  mutants (%) mutations of mutations
medium shoots (%)
Standard 25 25 24 (96.0a%*) 0 0 0 0
0 ppm (control) 100 100 98 (98.0a) 0 0 0 0
5 ppm 100 100 96 (96.0a) 0 0 0 0
10 ppm 100 100 98 (98.0a) 1 1.0 1 1.0
20 ppm 85 85 79 (92.9a) 5 6.3 7 8.9

*Means in columns followed by the same letter do not differ significantly at p <0.05 (Fisher’s test). Standard—plants propagated via the single
node method on the PGRs-free medium. Control—adventitious shoots regenerated on the AgNPs-free medium

Genetic and phenotype stability of AgNPs-treated
chrysanthemums

In the current study, a total of 20 plants had an altered DNA
sequence, i.e. 23.5% of chrysanthemums regenerated from
20 ppm AgNPs-treated explants. Among those 20 individu-
als, only one was detected by both RAPD and ISSR markers.
This underlines the necessity of using more than one marker
system in breeding studies. RAPD markers were previously
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applied to successfully distinguish even closely related chry-
santhemum cultivars (Minano et al. 2009). Also in the pre-
sent study, RAPDs were more effective in detecting variation
(3 out of 5 primers detected polymorphisms in 12 speci-
mens) compared to ISSRs (only one primer). Those results
coincide with the findings by Lema-Rumiriska et al. (2019)
and Kulus et al. (2019) in other members of the Asteraceae
family. On the other hand, in the Poaceae family—Hordeum
vulgare L. (Fernandez et al. 2002) and Oryza granulata Nees
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Table 5 Inflorescence characteristics and composition of pigments in ligulate florets of Chrysanthemum X grandiflorum ‘Lilac Wonder” and its
mutants obtained as a result of AgNPs treatment

Treatment Inflorescence characteristic Content of pigments in ligulate
florets (mg g~' fresh matter)
Color RHSCC color code  Shape Anthocyanins  Carotenoids

Lilac Wonder standard Pink T0C/69A* Full, semi-ball 0.63 -
Individual no. 1 (10 ppm AgNPs) Pink-gold 58B/163D Full, semi-ball ~ 0.64 0.28
Individual no. 1 (20 ppm AgNPs) Light pink 63C/62D Full, semi-ball  0.17 -
Individual no. 63 (20 ppm AgNPs)  Light pink 65A/62C Semi-full 0.25 -
Individual no. 71 (20 ppm AgNPs)  Light pink with a red stripe ~ 68B/69D Full, semi-ball ~ 0.41 -
Individual no. 77 (20 ppm AgNPs)  Burgundy-gold 179A/164C Full, semi-ball 1.36 0.45
Individual no. 82 (20 ppm AgNPs)  Dark pink 70A/62B Full, irregular 0.67 -

Standard—plants propagated via the single node method on the PGRs-free medium

*Inner/outer side of ligulate florets

Individual no. 63
(20 ppm AgNPs)

Individual no. 1
(20 ppm AgNPs)

Individual no. 1
(10 ppm AgNPs)

Lilac Wonder
standard

Individual no. 77
(20 ppm AgNPs)

Individual no. 82
(20 ppm AgNPs)

Individual no. 71
(20 ppm AgNPs)

Fig.7 Chrysanthemum X grandiflorum ‘Lilac Wonder’ and its mutants obtained as a result of AgNPs application at different concentrations;
arrow indicates a chimeric ligulate floret; bar=2 cm

et Arn. ex Watt (Qian et al. 2001), the ISSR markers were
more useful in screening polymorphisms than RAPDs. This
suggests botanical-family-related usefulness of individual
genetic markers.

No polymorphisms were detected in the standard and
control adventitious shoots from O ppm AgNPs treatment.
This underlines the mutagenic effect of silver nanopar-
ticles, especially at higher concentrations (0, 1, and 5
mutants were found after 5, 10, and 20 ppm treatments,

respectively). The observed mutagenic action of AgNPs
is in agreement with the genotoxic effects of nanoparti-
cles reported also in other organisms (Ghosh et al. 2019)
and sheds new light on the possibility of utilizing AgNPs
in the induction of somaclonal variation and plant breed-
ing. According to An and Jin (2012), nanoparticles have a
high ability to bind to nucleic acids. They can significantly
change the conformation of the DNA helix, and thus,
change the orientation of nitrogenous bases in the DNA
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strand. Halder et al. (2015) reported the mutagenic effect
of copper nanoparticles at a concentration of 3.2-6.4 ppm
in Macrotyloma uniflorum (Lam.) Verdc. (Fabaceae) with
a clear phenotypic effect—altered seed coat color and
number of axillary shoots produced. In the present study,
only two of the novel 20 genotypes; i.e. Individuals no. 1
and no. 71 (20 ppm AgNPs); differed from the predomi-
nant standard on the phenotype level. Therefore, most of
the observed mutations probably occurred in the non-cod-
ing DNA sequences. On the other hand, some plants had
an altered inflorescence color or shape, despite no changes
on the genomic level. This suggests the possible epigenetic
action of AgNPs, causing changes in the DNA methylation
and/or acetylation (Miryeganeh and Saze 2020). Similar
results were reported with two cryopreservation-derived
chrysanthemum cultivars, which despite no genetic varia-
tion had an altered phenotype of vegetative organs (Kulus
et al. 2019). Another possibility is that the applied markers
were not able to detect the mutations and other systems
should also be tested, e.g. single nucleotide polymorphism
(SNP), sequence-specific amplification polymorphism
(SSAP) or sequence-related amplified polymorphism
(SRAP) (Kulus 2018).

The frequency of mutant and mutation occurrence in the
present study was 1% with 10 ppm AgNPs treatment and 6.3
and 8.9%, respectively, with 20 ppm AgNPs treatment. In the
past, X- and y-rays (at the doses 5-25 Gy) were used in sev-
eral mutation breeding programs with chrysanthemum. The
frequency of mutant and mutation occurrence ranged from
2.4 to 11.6% and from 0.3 to 5.0%, respectively (Zalewska
et al. 2010). The current study showed that the application
of AgNPs in chrysanthemum breeding can be as effective
as the use of ionizing irradiation. At the same time, it is
cheaper (no special apparatus needed), easier to perform,
and more user-safe.

It is worth mentioning that Individual no. 71 (from
20 ppm AgNPs treatment) had a chimeric structure (secto-
rial or mericlinal) with light pink inflorescence, in which
part of one ligulate floret was covered with a narrow strip
of red color (Fig. 7). Despite the mutated sector is tiny, it
can still be valuable in breeding. Somatic embryogenesis
and adventitious organogenesis, due to the unicellular ori-
gin of embryos and shoots, can be successfully applied to
separate the changed component and create a new attractive
cultivar (Tymoszuk et al. 2014). Therefore, even such small
alternations should not be neglected. Moreover, one of the
most interesting and decoratively valuable mutations was
observed in Individual no. 77 (20 ppm AgNPs treatment).
The color of its inflorescence changed to burgundy-gold;
very rare and desirable in chrysanthemum (Kulus 2017).
Two of the obtained here mutants (Individual no. 1 from
10 ppm AgNPs treatment and Individual no. 77 from 20 ppm
AgNPs treatment) received plant breeder’s rights (PBR).

@ Springer

This highlights the utility of silver nanoparticles in chry-
santhemum breeding.

Conclusion

This is the first report on the application of AgNPs in the
breeding of ornamental plants at the in vitro stage. AgNPs
added into the culture medium affect the regeneration and
biochemical events in the plant material. Moreover, they may
be a source of significant genetic variation in the in vitro-
propagated chrysanthemum. Silver nanoparticles are an
attractive and easy-to-apply alternative to other commonly
used mutagens, useful in breeding. One should keep in mind,
though, that the induced variation in DNA sequence may
not necessarily be manifested in the change of phenotype
and vice versa. Further studies should focus on the utility
of even higher AgNPs concentration (50-100 ppm) in the
mutation induction.
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