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Abstract: The effects of N¢-(2-isopentenyl) adenosine (IP) and p-chlorophenoxyacetic acid (CPA) on the propagation of
Antirrhinum majus have yet to be elucidated. This study compares plant growth regulators’ effects on enhancing propagation
efficiency in snapdragon. In the seedling development phase, IP at 1.0 mg L provided the highest germination ratio (91.11 +
9.30%). The 6-benzylaminopurine (BAP) treatment at 1.0 mg L gave the highest number of shoots (4.42 + 0.30) whereas the
medium with 0.50 mg L IP triggered shoot elongation (3.80 + 0.28 cm) from germinating seeds. The medium with 1.0 mg L1 IP
gave the highest number of leaves (12.33 £ 1.77) and roots (2.96 + 0.32). IP treatment at 0.50 mg L produced the greatest
increase in seedling root lengths (2.50 + 0.31 cm). In the shoot multiplication phase, thidiazuron (TDZ) at 1.0 mg L' gave the
maximum number of shoots (10.04 £ 2.42 per nodal explant) while BAP treatment at the same concentration triggered shoot
elongation (5.99 + 0.29 cm). In the rooting phase, 3-indoleacetic acid (IAA) treatment at 0.50 mg L induced the highest rooting
rate (100%), root production (4.93 £ 0.48 per shoot), and root length (7.16 + 0.97 cm). IAA treatments did not trigger callus
production. However, the CPA treatments induced consistently higher callogenesis responses (96% and 100%), resulting in a
minimal rooting response. The findings suggested using IP to increase seedling development without causing a restriction in
root development, TDZ to improve shoot multiplication efficiency, and CPA to produce high-frequency calli production in
ornamental snapdragon.
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Aslanagzinin (Antirrhinum majus L.) In vitro Cogaltim1 Yeniden Gozden Gegirildi: Bitki Biiyiime
Diizenleyicilerinin Etkileri Uzerine Bir Analiz

Oz: No-(2-izopentenil)adenozin (IP) ve p-klorofenoksiasetik asidin (CPA) Antirrhinum majus’un gogaltilmast tizerindeki etkileri
hentiz aydmlatilmamustir. Bu calisma, bitki biiytime diizenleyicilerinin aslanagzi bitkisinde ¢ogaltim verimliligini artirma
tizerindeki etkilerini karsilastirmaktadir. Fide gelisim asamasinda, 1.0 mg L-'deki IP en yiiksek ¢imlenme oranmi (%91.11 +
9.30) saglamustir. En yiiksek stirgiin sayisini (4.42 £ 0.30) 1.0 mg L-'deki 6-benzilaminopiirin (BAP) uygulamas: verirken, 0.50
mg L IP igeren ortam ¢imlenen tohumlardan siirgtin uzamasini (3.80 £ 0.28 cm) tetiklemistir. En yiiksek yaprak (12.33 + 1.77)
ve kok (2.96 £ 0.32) sayisin1 1.0 mg L1 IP ile zenginlestirilmis ortam vermistir. Fide kok uzunluklarinda en biiytik artis1 0.50 mg
L1 IP uygulamasi saglamistir (2.50 + 0.31 cm). Siirgiin ¢ogaltimi asamasinda, 1.0 mg L-"'deki thidiazuron (TDZ) en fazla stirgiin
sayisini verirken (nodal eksplant basina 10.04 + 2.42), ayn1 konsantrasyondaki BAP uygulamasi stirgtin uzamasini tetiklemistir
(5.99 + 0.29 cm). Koklenme asamasinda, 0.50 mg L 3-indol asetik asit (IAA) uygulamasi en yiiksek koklenme oranin (%100),
kok tretimini (stirgtin basina 4.93 + 0.48) ve kok uzunlugunu (7.16 + 0.97 cm) vermistir. IAA uygulamalar: kallus tiretimini
uyarmamustir. Bununla birlikte, CPA uygulamalar stirekli olarak daha yiiksek kallus olusumu (%96 ve %100) tesvik etmis ve
son derece az bir koklenme yaruti ile sonuglanmustir. Bulgular, kok gelisiminde bir kisitlamaya neden olmadan fide gelisimini
artirmak i¢in IP, stirgtin cogaltimu verimliligini artirmak icin TDZ ve aslanagzinda yiiksek miktarda kallus tiretimi i¢cin CPA
kullanilmasini 6nermektedir.

Anahtar kelimeler: Kallogenez, rizogenez, siirgiin ¢ogaltimy, siis bitkileri, tohum ¢imlenmesi.
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1. Introduction

Snapdragon (Antirrhinum majus L.), a subshrub that grows
mainly in the temperate biome, belongs to the
Plantaginaceae (plantain) family. The species is native to
France and Spain but has been introduced in many
countries from different geographical regions (POWO,
2023). The species possesses medicinal, ornamental, and
culinary properties. In recent reports, the antimicrobial
properties of its aerial parts (Saqgallah et al., 2022), the anti-
proliferative and anti-metastatic properties of its flower
extracts on several cancer cell lines (Seo et al., 2020), its
value for the cut flower industry due to its straight stem,
long vase life and colourful flowers (Lewis et al., 2021), and
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the value of its flowers due to their edible and nutritional
properties in the food industry (Stefaniak & Grzeszczuk,
2019) have been reported. Snapdragon is also considered a
model plant for genetic studies (Mizzotti et al., 2014).

Plant tissue culture techniques are the most widely
used season-independent plant propagation methods in
ornamentals since they allow the producers to generate
genetically identical, uniform, and disease-free plants
(Mehbub et al., 2022). The roles of plant growth regulators
(PGRs) have long been recognized in plant tissue culture
studies. Among the main groups of PGRs, cytokinins and
auxins are commonly used to control plant growth and
development in plant tissue culture by modulating cell
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division, elongation, differentiation, and organogenesis
(Perrot-Rechenmann, 2010; Hill & Schaller, 2013). In this
context, the effects of several cytokinins such as 6-
benzylaminopurine (BAP), kinetin (KIN), zeatin (ZTN),
and thidiazuron (TDZ), and auxins such as 24-
dichlorophenoxyacetic acid (2,4-D), indole-3-butyric acid
(IBA), 3-indoleacetic acid (IAA), 2-naphthoxyacetic acid
(NOA), and 1-naphthaleneacetic acid (NAA) have been
tested on in vitro cultures of A. majus in propagation-
oriented studies (Sangwan & Harada, 1975; Sheyab et al.,
2010; Hamza et al., 2013). In these studies, the researchers
reported that high callogenesis response in the presence of
2,4-D but limited callus development in response to IAA
and NAA can be recorded and the cytokinins cannot
provide organ formation without being combined with
auxins (Sangwan & Harada, 1975). In addition, high shoot
multiplication ratios were reached when BAP and KIN
were used and auxin treatment was required for rooting
(Sheyab et al., 2010). Another study in A. majus showed the
high efficacy of BAP and IBA treatments in shoot
multiplication and rooting, respectively (Hamza et al,
2013).

However, the effects of N6-(2-isopentenyl)adenosine
(IP) as a cytokinin on seed germination, organ
development, and shoot multiplication and the effects of p-
chlorophenoxyacetic acid (4-CPA) as an auxin on rooting
of in vitro shoots in A. majus have not been elucidated in
comparison with other commonly-used PGRs. IP is
considered a potent natural cytokinin in shoot
proliferation, whereas 4-CPA is a herbicide with auxin
properties that affects root development and fruit set.
Thus, we hypothesized that these PGRs could give
different results than the previously tested ones in seed
germination, organ development, shoot multiplication, or
callus production which could enhance the efficacy of in
vitro propagation methods of the species for ornamental
plant production and genetic transformation studies. In
addition, an improved callogenesis response would be
beneficial for establishing cell cultures to harvest bioactive
compounds from the species.

2. Material and Methods
2.1. Plant material and disinfection treatment

Seeds of a commercial variety of Antirrhinum majus L.
(Antirrhinum  majus pumilum 'Magic Carpet' Mix, as
declared by Genta Tarim, Tiirkiye) were purchased from a
local supplier in Kocaeli, Tiirkiye. The seeds were
maintained in their original packaging at 4 °C until use. To
disinfect the seeds before inoculation, they were placed in a
seed envelope (5 x 5 cm) prepared from filter paper and
treated with 1% (v:v) NaOCI solution (40 mL) for 8 min
with gentle agitation in a 50-mL conical centrifuge tube.
The disinfectant was changed multiple times with
sterilized distilled water to rinse the seeds.

2.2, Medium preparation, cytokinin treatment, and
culture initiation

Murashige and Skoog’s (MS) medium (Murashige &
Skoog, 1962) fortified with 6-y-y-(dimethylallylamino)
purine riboside (N°-(2-isopentenyl)adenosine) (IP; Duchefa
Biochemie, D0934), 6-benzylaminopurine (INe-
benzyladenine) (BAP; Caisson Labs, B001), or thidiazuron
(1-phenyl-3-(1,2,3-thiadiazol-5-yl)urea) (TDZ; Duchefa
Biochemie, T0916) at a concentration range from 0.25 mg L-
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1to 1.0 mg L1 was used in the seed germination and organ
development experiments. The culture medium was
supplemented with 30 g L' sucrose and the pH was
adjusted between 5.7 and 5.8. The medium was solidified
using 7 g L1 agar (Duchefa Biochemie, P1001). The
disinfected seeds were then placed onto the cytokinin-
fortified medium and left for incubation.

2.3. Shoot multiplication and rooting

Shoots of seedlings from in vitro germinated seeds were
excised at the end of the incubation period and inoculated
into the shoot multiplication medium. Shoots with at least
one node were employed in the experiment. The same MS
medium with 1.0 mg L1 of cytokinins tested previously (IP,
BAP, and TDZ) was used for shoot multiplication. The
multiplied shoots were then excised from their basal ends
and inoculated into the same MS medium but fortified
with p-chlorophenoxyacetic acid (4-CPA, abbreviated
herein as CPA for clarity in the figures; Duchefa Biochemie,
C0909), 3-indoleacetic acid (IAA; Sigma-Aldrich, 57333) or
1-naphthaleneacetic acid (NAA; Sigma-Aldrich, N0640) at
0.25, 0.50, or 1.0 mg L! for rooting experiments.

2.4. Acclimatization

The caps of the culture vessels were substituted with
filtered caps and left for incubation at the same previous
culture conditions for 1 week. The plants with developed
roots were removed from the culture vessels and the
medium residues on their roots were washed out. The
plants were then sown into pots filled with a peat and
perlite mixture (70:30; vw). The hardening process was
performed by covering the pots with transparent plastic
bags with holes for ventilation for 1 week.

2.5. Culture conditions and parameters measured

GA-7 (Magenta LLC, USA) vessels were used for the
cultures. The cultures were maintained in a growth
chamber with a photon flux density of 60 mol m2s? and a
photoperiod of 16 h at 23 + 1 °C. The seed germination
percentage, callus induction ratio, rhizogenesis percentage,
mean number and length of shoots and roots, and/or leaf
numbers were assessed at the end of a 30-day incubation
period at the appropriate study phases.

2.6. Statistical comparison

The effects of cytokinins on seed germination and organ
development and the effects of auxins on rhizogenesis
were assayed over 45 seeds and shoots equally distributed
into 5 culture vessels, respectively. The parameters related
to shoot multiplication were measured over 27 shoots
cultured in 3 culture vessels for each cytokinin. Each
culture vessel having 9 shoots represented an independent
repeat. The data are represented as the mean value of the
parameter * standard deviation (SD). The statistical
differences between the mean value of the parameter
measured from the control and treatment groups were
compared using Tukey's honestly significant difference
(HSD) test after conducting a one-way analysis of variance
(ANOVA) test at a significance level of P < 0.05 using IBM
SPSS Statistics 22 software. The data were then subjected to
min-max normalization into [0, 1] interval and a
hierarchical cluster analysis based on Euclidean distance
and the complete-linkage clustering method was
performed. The relationships among the data were
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visualized through a heat map using the Interactive
Clustered Heat Map Builder (Ryan et al., 2020).
3. Results

3.1. Effects of cytokinins on seed germination and organ
development

The seeds started to germinate following the 4th day of
culture. The control medium gave a germination rate of
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71.11 £ 20.18%. The medium supplemented with 1.0 mg L+
IP increased the germination rate, giving the maximum
value for the parameter (91.11 * 9.30%). The lowest
germination rate (46.67 * 9.30%) was found in seeds
cultured in medium containing 1.0 mg L1 TDZ. All BAP
treatments induced statistically the same germination rates
(Fig. 1A). A general view of the germinated seeds in
culture is shown in Figure 2A.

Figure 1. Effects of cytokinins on in vitro seed germination and organ development in Antirrhinum majus 'Magic Carpet' seedlings. The
graphs in panels represent the germination ratio of the seeds (A), shoot number (B), shoot length (C), leaf number (D), root number (E),
and root length (F) of the seedlings. Data represent mean * SD. The means having the same superscript letters are not significantly
different by Tukey’s HSD test (P < 0.05). The bars in red colour indicate the maximum value for the parameter.

Figure 2. Appearance of Antirrhinum majus 'Magic Carpet' treated with plant growth regulators at different phases of in wvitro
propagation. The panels from A to E represent general views of seed germination (A), organ development in the control medium (B)
and the effects of IP (C), BAP (D) and TDZ (E) at 1 mg L! on organ development in seedlings. The panels from F to J represent the
general views of the culture at the shoot multiplication phase (F), organ development in the control medium (G), and the effects of
cytokinins: IP (H), BAP (I), and TDZ (J) at 1 mg L on shoot regeneration from nodal explants. The panels from K to M represent the
effects of auxin treatments: CPA (K), IAA (L), and NAA (M) at 0.5 mg L on rooting, and the acclimatized plants (N). The photographs
were taken at the end of the incubation period. The bars in the panels correspond to 1 cm.

Shoot production greatly varied in response to
different cytokinin treatments in a concentration-
dependent manner. The control group had the lowest
mean shoot number (1.09 + 0.20) whereas BAP treatment at
1.0 mg L1 significantly increased shoot production to the
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maximum value (4.42 + 0.30). The IP treatments gradually
increased the shoot production with increasing
concentrations. The lowest concentration of TDZ and BAP
treatments gave statistically the same results as that of BAP
treatment at 0.50 mg L1 concentration (Fig. 1B). Shoot
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elongation was significantly triggered in the presence of IP
in the medium. All the IP treatments gave statistically the
same shoot lengths but at 0.50 mg L1 IP treatment
produced the most elongated shoots (3.80 + 0.28 cm).
Shoots from the control group had longer shoots (2.38 +
0.41 cm) than those from the medium with BAP or TDZ.
The shortest shoots (0.81 + 0.16 cm) were produced in the
presence of TDZ at 025 mg L. All media with BAP
supplement produced shoots at statistically the same
length (Fig. 1C).

Leaf production exhibited a similar trend to shoot
production (Fig. 1D). However, IP treatment at 1.0 mg L
gave the highest leaf number per shoot (12.33 + 1.77). The
control medium (5.47 £ 0.94), the 0.50 mg L1 concentration
of BAP and TDZ, and the lowest concentration of TDZ
gave statistically the same results in leaf production. The
medium with 0.25 mg L1 TDZ gave limited leaf production
and minimum value (3.82 +1.22).

Root production increased in the presence of IP in the
culture medium (Fig. 1E). The maximum number of roots
(2.96 + 0.32) was produced in the medium with 1.0 mg L1
IP whereas the control group gave 2.38 + 0.32 roots per
seedling. BAP and TDZ treatments decreased root
production. TDZ treatment at 1.0 mg L1 induced the
minimum number of roots (0.40 £ 0.17). The lowest and
medium concentrations of IP treatment gave statistically
the same results. Cytokinin treatments affected root
elongation, similar to root production (Fig. 1F). The IP
treatments gave statistically the same results as the control.
Maximum root elongation (2.50 + 0.31 cm) was found in
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the medium supplemented with 0.50 mg L1 while the
control group had a mean root length of 2.33 + 0.44 cm.
Similar to root production, the TDZ treatments drastically
decreased root elongation compared with the control. The
shortest mean root length was recorded from plants
developed in the medium with 1.0 mg L TDZ. The visual
developmental responses of the cultures to the cytokinin
treatments are shown in Figure 2B-E.

3.2. Effects of cytokinins on shoot multiplication

The effects of the cytokinins used at 1.0 mg L-! were also
tested on shoot multiplication in nodal explants of A.
majus. In the control group, each explant produced an
average of 2.08 + 0.14 shoots with a mean length of 4.30 +
049 cm. The efficacy of TDZ treatment on shoot
multiplication was superior to that of IP and BAP. BAP
treatment induced 3.78 + 0.67 shoots while the TDZ gave
10.04 £ 242 shoots per explant as the most efficient
cytokinin treatment in shoot multiplication. Regarding
shoot multiplication, the control, IP, and BAP treatments
produced statistically the same results (Fig. 3A). However,
the efficacy of TDZ was not recorded in the elongation of
multiplied shoots. The TDZ treatment resulted in the
shortest shoots (3.07 + 1.09 cm). The BAP treatment
increased the shoot lengths and gave the highest mean
shoot length (5.99 + 0.29 cm). Statistically, the IP and BAP
treatments showed the same shoot elongation results (Fig.
3B). The multiple shoot induction responses of the nodal
explants to the cytokinin treatments are shown in Figure
2F-].

Figure 3. Effects of plant growth regulators on in vitro shoot multiplication, callogenesis, and rhizogenesis in Antirrhinum majus 'Magic
Carpet' cultures. The graphs in panels A and B represent the effects of cytokinins on shoot formation from nodal explants (A) and the
mean lengths of the shoots (B). The graphs in panels from C to E represent the effects of auxins on callus and root formation ratios (C),
mean root numbers (D), and lengths of the roots (E). The heatmaps in panel F separately represent the similarities among the auxin
treatments (F1) and cytokinin treatments (F2) based on their effects on the developmental parameters. Data represent mean + SD. The
means having the same superscript letters are not significantly different by Tukey’s HSD test (P < 0.05). The bars in red colour indicate
the maximum value for the parameter. RN: Root number, RL: Root length, CA: Callogenesis, RH: Rhizogenesis, SN: Shoot number, SL:

Shoot length
3.3. Effects of auxins on rhizogenesis

The IAA and NAA treatments induced better rhizogenesis
responses than the CPA treatments. A gradual decrease
was observed in rooting at elevated concentrations of CPA.
The highest rooting rate (100 + 0.0%) was recorded from
the plants cultured in the medium with 0.50 mg L1 IAA,
whereas the CPA treatment at 1.0 mg L1 induced the
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minimum rooting response (51.11 * 6.09%) (Fig. 3C).
However, CPA treatments induced consistently higher
callogenesis responses (96% and 100%) than the other
auxins tested (38% and 42%). The higher concentrations of
TAA than 0.25 mg L1 and the lower concentrations of NAA
than 1.0 mg L did not induce any callus response (Fig.
3C). Better root production was recorded from plants
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cultured in the presence of IAA and NAA. The roots
produced in the presence of NAA were thicker than those
cultured in the medium with IAA. The IAA treatment at
0.50 mg L1 gave the highest number of roots (4.93 + 0.48
per shoot). The control group had a mean root number of
3.80 £ 0.52 and a mean root length of 3.02 + 0.97 (Fig. 3D).
The TAA treatment also supported root elongation more
than NAA and CPA. The maximum mean root length (7.16
+0.97 cm) was recorded from the medium with 0.50 mg L1
TIAA, whereas the CPA treatment at the same concentration
gave the shortest mean root length (0.28 + 0.07 cm) (Fig.
3E). The CPA treatments significantly decreased root
development and induced statistically the same results in
root production and elongation. The root production and
elongation responses of the shoots to auxin treatments are
depicted in Figure 2K-M. The appearance of the in vitro-
propagated plants planted into the soil is shown in Figure
2N.

3.4. Hierarchical cluster analyses

The effects of cytokinin treatments on seeds and
developmental parameters of seedlings were grouped into
two main clusters (Fig. 4). All TDZ treatments and high-
concentration BAP (1.0 mg L) were placed into the same
main cluster, while BAP treatments at 0.25 and 0.50 mg L-,
IP treatment at 0.25 mg L, and the control group were
presented under the same main cluster. IP treatments at
0.25 and 0.50 mg L were found as a distinct subcluster.
The heatmap suggested that the optimum IP treatment was
found superior over other cytokinin treatments tested
except its effects on shoot number parameter.

SN S1

RN RL LN GR

Figure 4. Similarities among the cytokinin treatments shown on a
hierarchical clustering heatmap generated based on the
normalized developmental data. SN: Shoot number, SL: Shoot
length, RN: Root number, RL: Root length, LN: Leaf number,
GR: Germination ratio

The influence of auxin treatments on root
development and callogenesis from nodal explants were
placed into two main clusters. The first cluster consisted of
two main subclusters. The first main subcluster included
NAA treatments at 0.50 and 1.0 mg L1, IAA treatments at
0.25 mg L1 and the control group while NAA treatment at
0.25 mg L1 and TAA treatments at 0.50 and 1.0 mg L-! were
placed into the other main subcluster. All CPA treatments
were grouped into the same main cluster distant from the
other treatments (Fig. 3F1). The heatmap showed the
efficacy of optimal IAA treatments on rhizogenesis
response while CPA treatments were different from other
auxin treatments by their callogenesis-triggering effect.
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In the shoot multiplication phase, the effects of the
BAP and IP treatments were grouped into the same
subcluster, whereas the TDZ treatment was shown in a

distant cluster (Fig. 3F2).
4. Discussion

Biotechnological techniques, such as gene transfer,
mutagenesis, and micropropagation are commonly used in
the ornamental plant industry (Ochatt et al., 2022). Plant
tissue culture techniques are required especially for the
mass production of plants after their improvement through
genetic manipulation (Jaiswal et al., 2022). In this context,
PGRs are used to enhance the efficacy of in wvitro
production protocols of such plants by testing their effects
on explants or calli in culture.

Among the PGRs tested in our study, IP and BAP are
adenine-type cytokinins while TDZ is a phenylurea-type
cytokinin (Arya et al.,, 2022). In plant tissue culture studies,
BAP is a more commonly used cytokinin than IP and TDZ
because of its enhancing activity on cell division and lateral
branching in shoot multiplication (Phillips & Garda, 2019).
However, their effects on in vitro seed germination and
organ development may differ among species. BAP
treatments did not result in statistically significant changes
in our seed germination experiments compared with the
control group. On the other hand, IP treatment increased
the germination rate of the seeds as its concentration was
elevated, whereas TDZ treatments suppressed germination
regardless of their concentration. These results suggested
that among adenine-type cytokinins, IP, in the culture
medium can trigger germination. In contrast, phenylurea-
type cytokinins should not be favored in the seed culture of
A. majus. However, another phenylurea-type cytokinin, N-
(2-chloro-4-pyridyl)-N'-phenylurea (CPPU), should also be
tested on A. majus seed cultures to prove this hypothesis.
The enhanced in vitro seed germination ratio has been
previously reported for Lotus corniculatus in the presence of
cytokinins in culture medium (Nikoli¢ et al., 2006). The
researchers found TDZ and ZTN as the most active
cytokinins in seed germination while IP and KIN increased
the germination ratio at higher concentrations. In line with
our findings, Kim et al. (2019) reported that TDZ
treatments above the optimal concentration (2 upM)
decreased seed germination in Pecteilis radiata. Thus, even
the lowest concentration of TDZ tested (0.25 mg L) may
be above a possible optimal concentration for A. majus
seeds. However, TDZ treatments between 0.25 and 2.0 mg
L1 were found to increase seed germination in Pancratium
maritimum (Redhwan et al., 2023). As a result of the
literature review, we could not find any study comparing
the effects of cytokinins on the in vitro germination of A.
majus seeds. In a report, Kang and Choi (2006) reported
higher germination rates in A. majus seeds when treated
with BAP and gibberellic acid (GAs) in combination.
Furthermore, Silva et al. (2017) stated that the seeds of A.
majus are small and usually have a low germination
potential. Thus, various priming treatments have been
conducted to enhance seed germination in A. majus
(Kepczynski, 1979; Bhargava et al., 2015). Consequently,
our findings indicated that a proper cytokinin treatment
could increase the seed germination ratio in A. majus
without needing any priming treatments.

The IP treatments also triggered organ development
and gave the best results in shoot elongation, rhizogenesis,
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and leaf production in the seedlings. The enhancing
activity of BAP on organogenesis was limited to shoot
production which is the only parameter for which BAP
was superior to IP treatment. Therefore, the enhancing
effect of IP on biomass production in A. majus is superior to
that of BAP and TDZ treatments in terms of shoot
development from germinating seeds. In the study of Stirk
et al. (2005), it was shown that the concentrations of active
cytokinins in germinating seeds of Tagates minutia may
change in a time-dependent manner. The authors found
that 80% of the total cytokinins in the germinating seeds
144 h after sowing were from the isopentenyladenine
group, of which isopentenyladenine-9-glucoside was the
most abundant cytokinin. In our study, a possible similar
cytokinin composition in germinating seeds may explain
IP’s ability to trigger organ development in A. majus.
However, further research is required to prove this
hypothesis.

TDZ is an herbicide generally classified as a phenyl-
urea with cytokinin-like effects (Erland et al, 2020).
Nevertheless, it can have auxin- and cytokinin-like effects
on various plant species; even though, its chemical formula
is not closely related to those PGRs that are frequently used
(Govindaraj, 2018). In Rosa hybrida, TDZ was found to
reduce shoot length mainly by suppressing bioactive GA
biosynthesis genes (Celikel et al, 2021). Thus, the
physiological mechanism behind the stunted shoot growth
due to TDZ treatments in A. majus might involve a GA-
dependent pathway similar to that in R. hybrida which
should be further investigated. In A. majus, TDZ has not
been tested on in vitro organ development from
germinating seeds. However, Hoshino and Mii (1998)
tested its effects at 1 and 5 mg L1 on root growth and callus
formation in transformed hairy root cultures of A. majus.
The researchers found that 9 and 8 out of 10 explants
treated with TDZ at the concentrations mentioned above
formed green callus, respectively, but only 1 and 2 of them
showed growth without any shoot formation in the
culture. In our study, TDZ treatments significantly reduced
root development in seedlings. TDZ treatment was found
to induce root formation from hypocotyl and cotyledon
explants of Glycine max when cultured in B5 medium
(Gamborg et al., 1968). The same treatments failed to
induce roots from the same explants when cultured in MS
medium (Radhakrishnan et al.,, 2009). Thus, the culture
medium can play a role in organ development in addition
to the PGR treatments in in vitro cultures.

BAP has long been recognized as a bud-breaking
agent in tissue culture studies (Mulwa & Bhalla, 2000; Al-
Ali et al., 2023). However, BAP treatments at non-optimal
concentrations may result in stunted growth of the
seedling shoots. Similar results have been found for
Origanum vulgare (Premi et al.,, 2021). The increase in leaf
number after BAP treatment at 1.0 mg L can be attributed
to the higher shoot number induced by cytokinin.
Exogenous  cytokinin  treatment  decreases  root
development and lowers root meristem size without
affecting stem-cell activity or cell division in the primary
root meristem (Del Bianco et al, 2013) but low
concentrations may enhance adventitious root formation
(Arya et al., 2022). However, IP treatments did not inhibit
root formation and elongation but BAP and TDZ
treatments significantly reduced the parameters measured
in our experiments on A. majus. Thus, isoprenoid group
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cytokinins, such as IP, may not inhibit or reduce in vitro
root development in A. majus seedlings like aromatic
cytokinins, such as BAP, and phenyl-urea type synthetic
cytokinin analogs such as TDZ. A recent study focused on
comparing the molecular effects of BAP and IP on
modulating the molecular mechanism of shoot
proliferation and root development in Cymbopogon citratus
showed a different pattern of gene expression between
BAP- and IP-treated plants. In brief, the researchers found
that BAP treatment upregulates the genes related to shoot
production and represses root development, whereas IP
treatment activates genes related to root production and
represses shoot proliferation (Cardenas-Aquino et al,
2023). Likewise, our findings suggest that the effects of
cytokinins on root development in A. majus may differ
according to their chemical structures.

In the shoot multiplication phase, TDZ treatment
induced the highest number of shoots from nodal explants
in A. majus but the treatment failed to elongate the lateral
shoots. The efficacy of TDZ in triggering multiple shoot
formation has also been reported in Vitex trifolia (Ahmed &
Anis, 2012), Physalis peruviana (Yucesan et al., 2015), and
Monstera deliciosa (Sivanesan et al., 2023). To elucidate the
efficacy of TDZ in multiple shoot formation in A. majus, the
interaction of TDZ treatment with the synthesis of related
phytohormones and molecular mechanisms should be
investigated. In another study, KIN and BAP were tested
in combinations on shoot multiplication in A. majus. The
researchers found that KIN alone in the medium (0.5 mg L-
1) did not induce new shoot formation but gave slightly
longer shoots than the control. In contrast, BAP alone in the
medium at the same concentration slightly increased new
shoot formation and decreased shoot length. Both the
results of KIN treatment and the shoot formation result of
BAP remained statistically the same with the control at the
end of a 6-week period (Sheyab et al., 2010). Therefore, our
results in the shoot multiplication phase indicated that
shoot length can be increased in A. majus when the optimal
concentration of BAP is reached. In a recent study in A.
majus, Ahmed et al. (2022) found that 1.0 mg L1 BAP
treatment gave 3.2 and 3.4 shoots per nodal explant at the
initiation and multiplication stages, respectively. The
researchers also reported an increase of up to 7.2 and 10.2
shoots per nodal explant after 0.75 mg L1 BAP treatment in
these stages, respectively. In our experiments, 1.0 mg L1
BAP treatment gave 3.78 shoots per explant in the shoot
multiplication phase, whereas TDZ treatment gave 10.04
shoots per explant. These results suggest that cytokinin
analogs and widely used cytokinins should also be tested
on shoot multiplication in A. majus. Contrary to our report,
Hamza et al. (2013) reported that BAP treatments at 0.5 and
1.0 mg L1 gave higher shoot numbers from nodal explants
in A. majus 'Apple Blossom'. However, the researchers also
found that BAP and TDZ treatments reduced shoot lengths
compared with the control. Shimasaki and Fukumoto
(1998) also reported the stimulatory effects of BAP on
adventitious shoot formation in 'Apple Blossom'. The
cultivar difference may explain variations in the shoot
production results in the literature related to A. majus. In
this context, Newbury (1986) compared the multiplication
rate of shoots of nine A. majus varieties cultured in MS
medium fortified with BAP (0.5 and 1.0 mg L), KIN (0.5
and 1.0 mg L1), and IBA (0.1 mg L along with 0.5 mg L
BAP). The researcher reported that 1.0 mg L1 BAP
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treatment formed transferable shoots in all the varieties,
whereas only four varieties responded to 0.5 mg L1 BAP
and BAP+IBA treatments and a single variety responded to
the KIN treatments. Similarly, Cui et al. (2004) tested the
effects of NAA and IAA along with ZTN on shoot
regeneration frequency from hypocotyls and stem
segments of six different A. majus cultivars. The researchers
found that ZTN at 2.0 mg L1 combined with 0.25 mg L
NAA gave higher shoot regeneration rates in all cultivars.
Lee et al. (2023), who tested the effects of NAA and ZTN
on shoot regeneration from hypocotyl explants of A. majus
'Maryland Apple Blossom', found ZTN at 2.0 and 2.5 mg L-
1 as the best treatments to enhance shoot regeneration
frequency, while the latter treatment produced the highest
number of shoots per explant. The researchers also
reported silver nitrate as a hyperhydricity-reducing agent
in A. majus shoots regenerated from hypocotyl explants.
Schroeder and Stimart (1999) also stated that genotype and
PGR treatment duration can significantly affect
adventitious shoot formation from the hypocotyls of A.
majus. Thus, the effects of PGRs on organ formation in A.
majus may vary depending on the cultivar.

In our study, the auxins IAA and NAA significantly
triggered the rhizogenesis response. In contrast, CPA
treatments did not increase rooting in A. majus shoots, and
the control treatment was better than the CPA treatments
in triggering rooting responses. However, CPA treatments
resulted in great callusing at the basal ends of the shoots.
Hasemi & Daneshvar (2016) found that the control group
did not produce roots and reported IBA and NAA at 2.0
mg L1 as the best auxin treatments for triggering the
rooting response of A. majus shoots. The authors also found
that IBA at 1.0 mg L1 gave the highest root number (14.86),
while NAA at 1.0 mg L gave the maximum root length
(5.16 cm). The same study found the maximum callus
induction ratio after 2,4-D (1.0 mg L) + BAP (0.1 mg L)
treatment in cotyledon explants of A. majus. In another
study, Hamza et al. (2013) tested the effects of IAA, IBA,
and NAA on rooting the shoots of A. majus 'Apple
Blossom'. The researchers found IBA to be the best root
formation-triggering auxin when used at 0.5 and 1.0 mg L1
and they also reported that the treatments NAA at 0.5 mg
L1 and IBA at 1.0 mg L1 gave the highest results for root
production (12.83 roots) and elongation (4.58 cm) in A.
majus, respectively. On the other hand, Sheyab et al. (2010)
tested the effects of IAA, IBA, and NAA on the in vitro
rooting of A. majus. They found IBA treatment at 1.2 mg L
and NAA treatment at 0.8 mg L1 optimal for root
production (15.78 roots) and elongation (6.07 cm),
respectively. The effect of in wvitro IBA treatment on
rhizogenesis in shoots regenerated from nodes has also
been shown by Ahmed et al. (2022) in A. majus. The
authors reported that treatment at 0.6 mg L1 gave the
highest root number (8.8 roots) and length (10 cm).
Gonzalez-Benito et al. (1996) found that the addition of
auxins to the medium did not improve the rooting of A.
majus ssp. barrelieri, A. microphyllum, and A. majus 'Floral
Carpet' shoots. In our study, IBA treatments were not
tested but IAA treatment reached a maximum root number
of 4.93. Thus, IBA treatments may be more effective than
IAA treatments on root production in A. majus. However,
the IAA treatment tested in our study showed a better
mean shoot length result in roots (7.16 cm) than the
previous reports summarized above, except that of Ahmed
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et al. (2022). In the same study, the root length was
indicated as the “highest root length”, meaning that it is
not the mean value but a single root among the samples.
Contrary to the previous reports, Atkinson et al. (1991)
tested the effects of IAA treatments on 5 different A. majus
cultivars. The researchers reported a significant variation
among the plant’s root production and elongation results,
depending not only on the concentration but also on the
differences in cultivar, physical phase of the medium, and
explant source. The maximum root number (14.7) was
found in 'Victory' after the treatment at 11.4 uM (2.0 mg L-
1), whereas 'Wisley Golden Fleece' did not produce any
roots at the same treatment. The authors reached the
maximum root length (11.3 cm) in 'Yellow Freedom' after
0.28 pM (0.05 mg L1). Our results were reached on 'Magic
Carpet' cultivar of A. majus, while a cultivar name was not
mentioned in the reports of Sheyab et al. (2010), Hasemi &
Daneshvar (2016), and Ahmed et al. (2022). Therefore,
these variations in the results are cultivar-dependent.

Callus cultures have significant roles in green
biotechnology such as supplying plant material for genetic
modification studies in the production of ornamentals and
establishing cell suspension cultures for sustainable and
cost-effective production of phytochemicals (Efferth, 2019).
CPA is not only an herbicide used in agriculture but also a
PGR in tissue culture studies since it has auxin-like
properties in plants. The main difference between CPA
treatments and other auxins tested in our study was the
strong effect of CPA on callus production. Xiaofang et al.
(1992) stated the importance of NAA on callogenesis in A.
majus. However, we found CPA more effective than NAA.
The effectiveness of CPA treatment in callus growth has
been reported from Securinega suffruticosa (Raj et al., 2015).
Similar results on callus induction and growth have also
been reported from Ipomoea batatas (Yugay et al., 2023).
CPA is used specifically as a root growth inhibitor in mung
beans during seed germination (Price, 1988). Accordingly,
CPU treatments tested in our study decreased root
production and drastically reduced root elongation in A.
majus. A similar finding regarding the inhibition of root
growth was also reported from Oryza sativa after the
exogenous application of CPA (Wang et al, 2023).
Therefore, we advise using CPA in A. majus 'Magic Carpet'
cultures only for callus production but not for organ
development.

5. Conclusion

The previous in vitro studies on A. majus discussed above
mainly employed conventional PGRs. However, these
reports do not include the use of two effective cytokinin
and auxin, IP and CPU, respectively. Also, there needs to
be a comprehensive study among previous reports testing
the comparative effects of cytokinins on seed germination
and organ development in seedlings of A. majus. In this
concept, our study presents a holistic approach to in vitro
A. majus propagation by comparatively testing the effects
of cytokinins not only on seedling development but also on
shoot multiplication and by comparing the effects of auxins
on rhizogenesis and callogenesis. Furthermore, the
differences between organ development results at the
seedling growth and shoot multiplication phases in
response to cytokinin treatments revealed that the
cytokinin type and balance required by the plant may
change in the different phases of in vitro propagation. Our
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findings showed that using suitable cytokinins in A. majus
can enhance seed germination rates without the need for
priming treatments. Our study also demonstrated the
efficacy of synthetic herbicides TDZ and CPA in shoot
multiplication and callogenesis, respectively, in A. majus.
These findings can be used to enhance commercial A. majus
production in the ornamental horticulture industry and its
propagation for future scientific studies.
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