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Abstract: Begonia rex cv. DS-EYWA is an important plant for indoor and outdoor cultivation, and cv.
DS-EYWA is a rare unique cultivar with curly, colorful leaves. Due to their importance, applying plant
tissue culture techniques for mass and healthy production in a short period of time without seasonal
limitation is of immense economic value. Applying several concentrations of silver nitrate (AgNO3)
in combination with varied concentrations of cytokinins including 6-benzylaminopurine (BAP),
thidiazuron (TDZ) (0, 0.5, 1, 1.5 mgL_l), and 1-naphthaleneacetic acid (NAA) auxin (0, 0.5, 1 mgL‘l)
via focusing on transverse thin cell layer (tTCL) petiole explants for high-scale production was used to
establish an efficient in vitro propagation protocol. Our results showed that even low concentrations
(25 mgL_l) can control internal bacterial infection and increase shoot direct regeneration efficiency. A
combination of 1.5 mgL_1 BAP, 0.5 mgL_1 NAA, and 25 mgL_1 AgNO; was the best treatment to
increase the number of direct regenerated shoots, and a lower concentration of BAP (0.5 mgL_l) can
be suggested for shoot elongation. Elongated shoots were successfully rooted in MS basal medium
and acclimatized in a 1:1 peat moss/perlite sterilized pot mixture.

Keywords: curly begonia; direct organogenesis; explant type; silver nitrate; transverse thin cell
layering (tTCL)

1. Introduction

Begonia rex cv. DS-EYWA is a perennial herbaceous ornamental pot plant with novel col-
orful leaves that belongs to the large Begoniaceae family and was produced by a Ukrainian
begonia breeder for the first time [1]. The popularity of begonia species, especially B. rex
cultivars, is not a secret to anyone. Many flower lovers prefer various cultivars of B. rex pot
plants due to their colorful patterned leaves, which leads to ever-increasing commercial
demands [2,3]. Due to their colorful patterned leaves, depending on the climatic conditions
and their sensitivity, they can be good candidates for various decorative purposes, both
indoors and outdoors, which enhances their popularity among plant lovers. Due to their
esthetic value and high commercial demands in flower industries, over 200 species includ-
ing B. rex have been commercialized [4]. As a consequence of high commercial demands,
expanding the production rate seems to be essential.

Begonias can easily be propagated by conventional methods such as seeds, leaf/shoot
cuttings, and splitting [5]. Because of the low propagation coefficient with the possibility
of transferring different kinds of diseases and pathogens including bacterial and fungal
contaminations, using plant tissue culture techniques with the advantages of achieving
season-free, mass-scale, and healthy production in a limited period of time has long been
suggested as a viable approach [2,6-8]. On the other hand, recent years have seen a new
focus on flower color variations, the production of disease/pathogen-tolerant varieties, and
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the introduction of lines with resistance/tolerance to environmental stress conditions [8].
For quite some time, interspecific crossings and mutation inductions have been carried
out to develop breeding programs in begonia. However, a lack of documented genomic
data and the long propagation cycles of conventional breeding techniques have limited the
success in attaining viable variations in begonia species. Genetic engineering programs can
be good candidates for resolving different breeding goals in begonia species [9].

Successful genetic engineering programs require establishing several biotechnological
steps, particularly direct/indirect organogenesis and somatic embryogenesis procedures [9,10].
Among various methods of in vitro plant production, thin cell layering (TCL) culture of
tiny explants via either transversal or longitudinal positions has been promoted in recent
decades. Currently, TCL techniques are successfully used for the in vitro propagation of
various horticultural plants including ornamentals, medicinals, and vegetables [11]. The
quick sampling of appropriate explants from different plant parts and the low number of
required mother plants in comparison with other plant tissue culture techniques are the
main advantages of the technique’s popularity among tissue culture researchers [12-14].
Moreover, the small size and large surface area of TCL explants, and their close exposure
to the ingredients of culture medium including Plant Growth Regulators (PGRs) enhance
the faster diffusion of nutrients and reduce the potential for in vitro tensions, inversely
increasing the potential for direct/indirect organogenesis or embryogenesis rates [15,16].

The successful in vitro propagation of begonia species via leaf and petiole explants,
which was mainly based on shoot direct/indirect regeneration or somatic embryogenesis,
was reported recently [2,15]. The TCL culture plays an essential role in the shoot regenera-
tion of various horticultural crops, including begonia species; however, there are limited
reported data for the TCL culture of begonia, and what little data are available are mainly
related to b. tuberous [5,17]. Additionally, the quality and quantity of in vitro regenerated
plantlets is in part determined by the presence of effective growth adjuvants in the culture
medium, the type of TCL explants (transverse thin cell layering (tTCL) or longitudinal thin
cell layering (ITCL)), and the endogenous amount of PGRs presents in the TCL explants,
from either in vitro or ex vitro sources [5].

Silver compounds such as silver nitrate (AgNOs), or silver nanoparticles (AgNPs), rec-
ognized as in vitro growth adjuvants, have significant value in tissue culture experiments
to enhance in vitro growth rate and development. On the other hand, the positive effects of
silver compounds on the explant sterilization stage or the elimination of in vitro contami-
nations by use in the culture medium have been reported [18,19]. Hence, depending on the
plant species, applying silver compounds may have positive effects on the sterilization and
regeneration of plant in vitro explants. The main objective of this study is to investigate
the effects of different levels of AgNOj3 in combination with various PGRs on the direct
organogenesis potential of B. rex cv. DS-EYWA via tTCL ex vitro petiole explants for the
first time.

2. Materials and Methods
2.1. Plant Materials

Petioles of B. rex cv. DS-EYWA (1 x 1) were used as explants for direct organogenesis
experiments [20]. They were selected from one-year-old mother plants which were culti-
vated in a cocopeat pot mixture. After being washed with running tap water for 15 min,
they were soaked in 1% solution of sodium hypochlorite and 0.5% Tween 20 for 10 min.
Finally, sterilization was concluded by rinsing 3 times with autoclaved double distilled
water with the intervals of 5, 10, and 15 min. After sterilization, petioles were transferred
to autoclaved filter paper to dry out excess water before cultivation.

2.2. Establishment of Transverse Thin Cell Layer Explants (tTCLs) for Controlling In Vitro
Contaminations

Murashige and Skoog (MS) [21] semi-solid medium containing 30 gL ~! sucrose and
5 gL.~! agar was used as the basal culture medium for all establishment, organogenesis,
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proliferation, and rooting stages. Then, 1 mm petiole and leaf explants were selected as
tTCL explants for the establishment stage. In order to control possible in vitro contamina-
tions, select healthy explants, and evaluate silver nitrate’s impact on inhibiting internal
contaminations, all tTCL explants were transferred to establishment medium consisting
of MS basal medium without any PGRs in combination with different concentrations of
silver nitrate (AgNO3) (25, 50, 75, 100 mgL ') and control explants on the medium without
AgNO;. After four weeks, the percentage of infected explants was measured (Table 1). The
pH of all prepared media was adjusted to 5.8 before autoclaving at 121 °C, 2 bar for 20 min.
All cultivated explants were incubated in a growth chamber at 23 & 2 °C temperature and
16/8 h dark/light photoperiods (T-10 Fluorescent lamps (The Lamp Company Co. Ltd,
London, UK) [at 37.5 pumol m~2 s~! photosynthetic photon flux (PPF)]).

Table 1. Designed treatments and investigated characteristics in establishment stage.

Treatments Investigated Characteristic

Control (MS basal medium without any AgNO3)
25 mgL~! AgNO3
50 mgL~! AgNO3 The percentage of infected explants
75 mgL~! AgNO3
100 mgL~! AgNO3

2.3. Direct Organogenesis of Transverse Thin Cell Layer Explants (tTCLs) and Culture Conditions

Fresh non-infected explants, selected in the establishment stage, were transferred to
organogenesis medium containing MS basal medium in combination with different types
and concentrations of PGRs including 6-benzylaminopurine (BAP) (0, 0.5, 1, 1.5 mgL 1),
thidiazuron (TDZ) (0, 0.5, 1, 1.5 mgL~!), and 1-naphthaleneacetic acid (NAA) (0, 0.5,
1 mgL~!). Stable 25 mgL~! AgNOj; was used in all designed regeneration treatments
(Table 2). The explants were subcultured every 6 weeks to the fresh organogenesis medium.
Regenerated shoots were subcultured in MS medium containing 0.5 mgL~! BAP without
any auxins for elongation, and desirable elongated shoots with 3—4 leaves were transferred
to MS basal medium devoid of PGRs for rooting. Rooted plantlets were acclimatized in
tissue culture room with 25 &= 1 °C and 80% relative humidity for one month. After one
month, they were transferred to a greenhouse with 25 = 1 °C and 60% relative humidity.
Transparent plastic bags were used to supply the required relative humidity in the first
acclimatization stage. The culture conditions, medium preparation, and growth chamber
environmental parameters were similar to those of the establishment stage.

2.4. Experimental Design and Statistical Analysis

Establishment stage tests were carried out in Completely Randomized Design (CRD)
with 5 treatments and 3 replicates for each treatment (each replication included 3 explants).
The same experimental design with 21 treatments and 3 replicates for each treatment
was used for organogenesis tests. Three explants were considered for each replicate in
all experiments. All culture medium contents and PGRs were prepared from Sigma-
Aldrich (Sigma-Aldrich, St. Louis, MO, USA) and Duchefa (Duchefa-Biochemie, Haarlem,
The Netherlands), respectively. The percentage of infected explants was measured in
the establishment stage. Regenerated shoot number, regenerated shoot length (cm), and
number of new leaves per shoot were recorded after organogenesis stage. Means were
separated by one-way analysis of variance (ANOVA), and significant differences between
treatments were assessed with Duncan’s multiple range test at p < 0.05 using SPSS v. 28.0.
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Table 2. Designed treatments and investigated characteristics in organogenesis stage.

Treatments Investigated Characteristic

Control (MS basal medium without any PGRs)
0.5 mgL~! NAA
1mgL~! NAA
0.5 mgL~! BAP
0.5mgL~! BAP + 0.5 mgL~! NAA
0.5 mgL~! BAP + 1 mgL~! NAA
1 mgL~! BAP
1 mgL~! BAP + 0.5 mgL~! NAA
1mgL~1 BAP + 1 mgL~! NAA

1.5 mgL~! BAP Regenerated shoot number
15mgL~! BAP + 1 mgL~! NAA Regenerated shoot length
1 5 mgL ! BAP + 0.5 mgL ! NAA Number of new leaves per shoot
0.5mgL~! TDZ

0.5mgL~! TDZ + 0.5 mgL~! NAA
0.5mgL~! TDZ + 1 mgL~! NAA
1mgL~! TDZ
1mgL~! TDZ + 0.5 mgL~! NAA
1mgL~! TDZ + 1 mgL~! NAA
1.5mgL~! TDZ
1.5 mgL~! TDZ + 1 mgL~! NAA
1.5 mgL~! TDZ + 0.5 mgL~! NAA

All designed treatments contained stable 25 mgL~! AgNO3.

3. Results
3.1. The Effect of Silver Nitrate on In Vitro Bacterial Infection in tTCL Petiole Begonia Explants

Here, 1 mm thin transverse segments were surface sterilized with varying concentra-
tions of AgNOj; and kept on MS basal medium without any PGRs. Our statistical analysis
showed that applying silver nitrate to the culture medium significantly decreased the
incidence of internal bacterial infection F (4, 15) = 48.975, p < 0.01. As shown in Figure 1, in
the control group, an incidence of 77.77% bacterial infection was observed, whereas this
dropped significantly after the addition of even small amounts of silver nitrate (25 mgL~1).
Crucially, however, using higher concentrations of silver nitrate induced tissue necrosis
that resulted in explant death, negating any benefit of a further decrease in infections.

90
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;.5 B Leaf explant (M)
o] 30
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0 (Control) 25 mg/L 50 mg/L 75 mg/L 100 mg/L
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Figure 1. Effect of different concentrations of silver nitrate (AgNO3) on in vitro bacterial infection of
B. rex cv. DS-EYWA via direct organogenesis of two different explants including tTCL petiole explant
and leaf explant.
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3.2. The Combined Impacts of PGRs and AgNO3 on Direct Organogenesis of tTCL Petiole
Begonia Explants

tTCL explants were regenerated using 25 mgL~! AgNO3 and varying concentrations
of BAP, TDZ, and NAA. ANOWA analysis showed that 1.5 rngL_1 BAP in combination with
0.5 mgL~! NAA produced the highest number of regenerated shoots (M = 35.66, SD = 0.57),
and the lowest was found in control treatments without any PGRs (M = 0.00, SD = 0.00)
F (18, 57) = 642.101, p < 0.01. The results clearly showed that direct organogenesis occurred
in all treatments containing BAP and TDZ in combination with or without NAA, but the
regeneration efficiency and the number of regenerated shoots varied. BAP performed
better than TDZ for direct organogenesis from tTCL begonia petiole explants (Figure 2A).
In Figure 3(A1-A6), different stages of in vitro direct organogenesis from mother plant
selection, tape of explant, direct regeneration after two and four weeks in BAP treatment,
and the elongation stage before acclimatization are displayed in detail.
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Figure 2. Cont.
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Figure 2. Effect of different concentrations of PGRs (mg/L) on in vitro morphological traits of B. rex
cv. DS-EYWA via direct organogenesis of tTCL petiole explant: (A) Regenerated shoot number (M),
(B) regenerated shoot length (M) (cm), (C) new leaf number per regenerated explant (M), p < 0.05.
The same lowercase letters indicate no significant differences between treatments by the Duncan test
at a 5% probability (Mean & Standard Deviation).

Figure 3. Various in vitro stages of direct organogenesis in B. rex cv. DS-EYWA: (A1). Mother plant
for explant isolation, (A2) shoot regeneration from tTCL petiole explant (two weeks after cultivation),
(A3) shoot regeneration from tTCL petiole explant (four weeks after cultivation), (A4) regenerated
shoot in elongation stage, (A5) proliferation stage of elongated shoots, (A6) acclimatization stage of
rooted shoots.

3.3. Enhancing the Length of Regenerated Shoots Can Be in Parallel with New Leaf Production in
the Same Treatment

After shoot regeneration, desirable shoots were progressed to the elongation stage.
The length of regenerated shoots was evaluated as the indicator of the elongation stage.
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Figure 2B shows the longest in vitro regenerated shoots were observed in MS medium con-
taining 0.5 mgL’1 BAP without any auxin (M = 2.52 cm, STD = 0.025), F (18, 57) = 1321.292,
p < 0.01. Furthermore, the highest number of new leaves was produced in developed
shoots in MS medium containing 0.5-1 mgL~! BAP (M = 4.66-4.33, STD = 0.57-0.57),
F (18,57) =18, p < 0.01 (Figure 2C). Results showed that the direct regeneration of tTCL
petiole explants of B. rex cv. DS-EYWA was associated with the presence of both auxin and
cytokinin in the culture medium with different ratios (Figure 4a—c). After the selection of
suitable regenerated shoots with desirable heights, they were transferred to the rooting
stage. MS basal medium without any PGRs was used for the rooting stage, and regenerated
plantlets produced roots successfully during 6-8 weeks. Rooted plantlets were acclimatized
in tissue culture room with 25 4= 1 °C and 80% relative humidity for one month. Transparent
plastic bags were used to supply the required relative humidity in the first acclimatization
stage. After one month, they were transferred to the greenhouse with 25 &+ 1 °C and 60%
relative humidity. Thus, 98% of plantlets were acclimatized successfully.

s

. —

Figure 4. Direct adventitious bud regeneration of B. rex cv. DS-EYWA via tTCL petiole explant:
(a) Two weeks after subculturing in regeneration medium, (b) four weeks after subculturing in
regeneration medium (upper side), (c) four weeks after subculturing in regeneration medium
(bottom side).

4. Discussion

In 1700, silver nitrate, AgNOs3, was used for the treatment of microbial human diseases.
The toxicity of silver ions (Ag*) and their compounds towards microbes is characterized
by their stronger antibacterial activity, broad antibacterial spectrum, and higher stability.
Currently, silver nitrate as an antimicrobial agent can be used in plant tissue culture [22].
Our results showed that using silver nitrate in medium after surface sterilization was
effective in decreasing bacterial infection in begonia tTCL petiole explants. Controlling
in vitro contaminations, especially bacterial ones, is a time-consuming and limiting stage
for plant in vitro culture techniques. Using antimicrobial agents such as silver compounds
during the sterilization procedure or in the culture medium after sterilization are suggested
methods for limiting bacterial growth. Moreover, using silver nitrate after sterilization in
the culture medium can increase the antibacterial effect of silver compounds due to the
cut surface of explants after sterilization [23,24]. The toxicity of silver ions (Ag*) and their
compounds towards microbes is characterized by their stronger antibacterial activity, broad
antibacterial spectrum and higher stability [25,26]. Internal bacterial infections (from differ-
ent genera) are considered as limiting factors for the in vitro culture of many plants, which
mainly relates to the mother plant’s culture conditions [27]. Silver compounds, especially
silver nanoparticles, are toxic to bacteria at low concentrations, and when incorporated
in modified MS medium of culturing plants, they have good potential for the removal of
bacterial contaminants in plant tissue culture procedures [28].

Moreover, previous research on Brassica juncea showed that applying silver nitrate in
in vitro conditions can induce an initial oxidative milieu followed by a less-oxidized cellular
environment. Furthermore, it can upregulate cytokinin receptors and negative regulators of
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auxin biosynthesis genes [29]. Silver components can regulate protein accumulation and the
expression of some genes involved in cellular metabolism. On the other hand, controlling
internal bacterial contaminations is one of the positive impacts of silver components,
which is mentioned in several research studies related to plant species such as Valeriana
officinalis, Araucaria excelsa, and Brassica juncea without inducing any mutations [22,30,31].
The uptake, accumulation, and toxicity of silver components are highly dependent on
their concentrations. Therefore, depending on their concentrations, positive or negative
responses of silver compounds can be different, and this is obvious in the morphological
traits of in vitro plants [31] (Figure 5).

Plants Size Concentration Inimical effects Reference
Cucurbita pepo =100 nm 500 mg L' Rate of transcription declined up to PLe
66=-84%.
Biomass reduction was also reported
Trticurm aestivum 10 nm 0-5 mg kg1 Reduction in root and shoot length occur in Dimkpa et al., 2013
dose dependent manner
Triticurmn aestivum 10 nm 0-5 mg kg~ Accumulation of oxidized GSSG in dose Dimkpa et al.,, 2013
dependent manner
Cucurbita pepo A 250 and 750 mg L~ 49-91% decreased rate of transpiration Hawthorne et al., 2012
and biomass as compared to silver
compound
Cucumis sativus; 2 nm 62, 100, and 116 mg L™’ Negotiable toxicity Barrena et al
Lactuca sativa
Linum usitatissimum 20 nm 20, 40, 60, 80, and No effect seen on germination El-Temsah and Joner, 2012
100 mg L1
Lofium perenne 0.6-2 nm (Colloidal) 10mg L~ 20% reduction in germination percentage
Lofium perenne 0.6-2 nm (Colloidal) 20 mg L1 50% reduction in germination percentage
Lolium perenne; Linum 0.6-2 nm (Colloidal) 10 mg L7 Reduction in length of shoot
usitatissimum
Hordeum vulgare; 0.6-2 nm (Colloidal) 20mgL~! Reduction in length of shoot El-Temsah and Joner, 2012
Lolium perenne; Linum
usitatissimum
Hordeuwm vulgare 5nm 10mg L~? Reduced rate of germination B r, 2012
Linum usitatissimum; 5nm 10mg L~ Reduction in length of shoot Bl 2012
Hordeumn Vulgare
Hordeumn vulgare 20 nm 10mg L~! Reduction in rate of germination and shoot El-Te h and Joner, 2012
length
Hordeumn vulgare; 20 nm 20 mg =t Declined shoot length El-Temsah and Joner, 2012
Lolium perenne
Cucurbita pepo 100 nm 100, 500, and 1,000 mg L~ 41-79% of reduction in rate of transpiration . 2009

Lolium multifforurm

Populus deltoides nigra

Arabidopsis thaliana
Oryza sativa

Alfiun cepa

Alfiurn cepa

Alfium cepa

Vicia faba

B nm (Gum
arabic-coated

Sand 10 nm

MNA

70 nm

24-55 nm

<100 nm

1-40 mg L=1

100 mg L'

1mgL™?

1,000 mg L~

0-80 mg L~

0-80mglL-?*

100 mg L'

12.5, 25, 50, and
100 mg L'

Dose dependent toxicity

Indeveloped root hairs
Crumpled cortical cells
Ruptured epidermis
Undeveloped root cap
Declined biomass
Decreased root length
B87% declined evapotranspiration that result
in decreased fresh biomass of leaves, stem,
and roots.
Growth of root completely inhibited
Vacuolar damage in root cells
Cell wall breakage
Cytotoxicity seen at LCsg, i.e., up to 10 mg
L=" concentration
DNA damage at 10 mg L~ concentration
Generation ROS that causes damags in
structure of DNA and ultimately death of the
cell
Sticky chromosomes led to chromosome
breakage and disturbance in metaphase,
that result in disruption of cell wall
Increased chromesomal aberrations

Panda et al., 2011

Patlolla et al., 2012

Figure 5. The side effects of different concentrations of silver nitrate on different plant species [31-43].

The disruption of cell membranes, inhibition of enzymatic activity, and DNA binding
are the three main strategies of silver ions for bacterial growth inhibition [44]. The combina-
tion of silver ion interactions with membrane proteins and lipids, ROS generation during
induced oxidative stress conditions, and the inhibition of key cellular functions are major
strategies of silver compounds for the disruption of cell membranes and the inhibition
of internal bacterial growth. In addition to the limitation of bacterial growth, it is well
recognized that silver components are effective for controlling ethylene accumulation in
in vitro vessels [30]. Silver components such as silver thiosulfate, silver nitrate, and silver
nanoparticles can reduce ethylene accumulation in plant tissue culture vessels by using
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various strategies including the following: 1. Ethylene binding: Silver ions can bind to
ethylene to form a complex which inhibits ethylene interaction with ethylene receptors
and triggers physiological responses, ultimately resulting in decreasing negative effects
on plant tissues. 2. Inhibiting ethylene biosynthesis: Interference with enzymes from
ethylene biosynthesis including ACC synthase and ACC oxidase results in a reduction
in ethylene production in plant tissue culture vessels. 3. Antimicrobial properties: A
reduction in microorganism growth, especially of bacterial agents, will lead to decreased
ethylene biosynthesis in vitro [20,24,27]. It is important to set up balanced concentrations
of silver components for ethylene inhibition or antimicrobial effects, because their high
concentrations will induce toxicity for plant tissues.

A balanced combination of cytokinin and auxin is necessary for shoot direct regenera-
tion in plant species [45]. Our results show that a combination of BAP and NAA performed
better than the combination of TDZ and NAA. Moreover, among four concentrations of
cytokinins, 1.5 mgL ! was best for BAP and 1 mgL~! for TDZ. On the other hand, among
three concentrations of NAA in combination with both types of cytokinins, 0.5 mgL ™!
responded better than others. In contrast, [2] reported equal concentrations of auxin and
cytokinin for the direct adventitious bud formation of B. rex leaf explants. Without con-
sidering the concentration of PGRs, the direct regeneration of begonia explants (via tTCL
petiole or leaf explants) will occur in the presence of both auxin and cytokinin, and the
desirable concentrations are highly dependent on the genotype and explant type. Due to
the importance of direct regeneration for genetic engineering programs, establishing an
efficient protocol especially for new cultivars is necessary. Various in vitro factors including
PGRs; growth adjuvants; and in vitro environmental factors such as temperature, humidity,
and light conditions can directly influence regeneration efficiency.

Cytokinins are one of several in vitro ingredients that have a determinative effect
on direct regeneration efficiency. Our results showed that BAP in combination with low
concentrations of NAA can induce cell division and in vitro growth and ultimately enhance
the regeneration rate more than the combination of TDZ and NAA. It is noticeable that cy-
tokinins can potentially induce cell division by increasing protein synthesis and enzymatic
activation and the elimination of apical dominance, but depending on the plant species
and the in vitro explant type, results can be varied [46].

Various researchers have reported the direct/indirect regeneration of begonia species
by using leaf/petiole explants [7,47]. Depending on the genotype, explant type, and PGR
types and concentrations, the regeneration capability will vary. Our results show that
the presence of phytohormones is necessary for direct regeneration, but the type and
concentration of the PGRs in combination with tTCL petiole explants can distinguish the
final results. The results also show that no direct/indirect regenerated shoots were obtained
in control treatments without PGRs, but divergent regeneration ratios were obtained in
treatments including PGRs. Generally integrating equal ratios of auxins and cytokinins can
induce callogenesis in begonia explants [48]. Ref. [2] delineated equally high concentrations
of IBA and BA for the indirect regeneration of B. rex from leaf explants. Along with the
existence of auxins and cytokinins, their balanced ratio can differentiate direct adventitious
buds from begonia explants. Based on the genotype and endogenous proportions of PGRs,
equal ratios of cytokinins and auxins or higher ratios of cytokinins than auxins are vital
for the direct organogenesis of horticultural crops including begonias [5,47,49]. In our
tests, high NAA-to-BAP/TDZ ratios were very effective for the direct adventitious bud
regeneration of B. rex cv. DS-EYWA from tTCL petiole explants (Figure 4).

On the other hand, using tTCL explants for plant tissue culture studies opens up
new avenues for the efficient in vitro production of plant species in a short period of time.
Using a low number of mother plants to prepare tTCL explants is one of the most notable
advantages of TCL techniques for plant tissue culture studies [14,15]. According to our
results, applying low concentrations of AgNO; (25 mgL 1) in combination with higher
concentrations of BAP (1.5 mgL 1) than NAA (0.5 mgL ") could significantly increase direct
regeneration efficiency. Moreover, improvement in shoot qualities and the enhancement of
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leaf numbers per regenerated shoot correlated strongly with the presence of silver nitrate.
The abilities of silver compounds to enhance endogenous polyamine synthesis and inhibit
ethylene synthesis and accumulation can positively affect organogenesis efficiency, which
has been observed in previous studies [20,24,50,51].

5. Conclusions

In this study, the multifunctional purposes of silver nitrate for the efficient in vitro
propagation of B. rex cv. DS-EYWA have been investigated. Owing to the inhibition of
internal bacterial infection that is considered as one of the limiting factors for the in vitro
propagation of ornamental plants including begonias, direct shoot organogenesis from
ex vitro internode tTCL explants was significantly enhanced on MS medium containing
1.5mgL ! BAP, 0.5mgL ! NAA, and 25 mgL~! AgNOs. In addition, to our knowledge, this
was the first use of internode tTCL explants of B. rex cv. DS-EYWA for direct organogenesis.
Furthermore, the addition of silver nitrate on the culture medium had positive effects on
morphological traits including shoot organogenesis, shoot length, and the number of green
leaves per regenerated shoot. The present study represents a significant improvement in the
efficient micropropagation of B. rex cv. DS-EYWA via TCL culture in a short period of time.
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