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Anther culture is an effective biotechnological approach to accelerate the 
production of homozygous lines in tobacco breeding. This study evaluated the 
interaction between culture media (Murashige and Skoog/MS and Chu’s N6) 
and silver nanoparticle (AgNP) concentrations on in vitro anther regeneration of 
tobacco (Nicotiana tabacum L.). The experiment was arranged in a completely 
randomized design with ten treatment combinations consisting of two basal media 
and five AgNP concentrations (0, 2.5, 5, 7.5, and 10 ppm), each replicated three 
times. Quantitative parameters included callus formation, shoot regeneration, 
rooting response, regeneration percentage, and contamination rate. MS medium 
supplemented with 2.5 ppm AgNPs (K2) produced the optimal response, showing 
100% callus formation and the highest shoot regeneration percentage (89%). 
Root formation was observed only in treatments K2 and K4. In contrast, higher 
AgNP concentrations (≥7.5 ppm), particularly in Chu’s N6 medium, significantly 
reduced regeneration percentages (ANOVA, p<0.05). The promotive effect of 
low AgNP concentration is associated with suppression of ethylene activity, 
antimicrobial action, and regulation of reactive oxygen species (ROS), which 
collectively enhance cell division and organogenesis. These findings indicate 
that MS medium supplemented with 2.5 ppm AgNPs is optimal for tobacco 
anther regeneration and suitable for doubled-haploid production.
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1. Introduction
  
Tobacco (Nicotiana tabacum L.) is a seasonal crop 

widely cultivated in Indonesia for its high economic 
value. According to Statista (2024), the Gross Domestic 
Product (GDP) of the Tobacco Products Industry (TPI) 
in Indonesia in 2023 increased to 147.83 trillion rupiah, 
up from the previous year. However, state revenue from 
Tobacco excise in Indonesia in 2023 decreased by 8.33 
trillion rupiah from the previous year to 210.29 trillion 

rupiah due to reduced national cigarette production 
(BPK RI 2024). Tobacco production in Indonesia has 
decreased by 22.6 thousand tons from 2020 to 2023 (BPS 
2024). This decline is mainly attributed to a reduction 
in cultivated area, fluctuating climate conditions, and 
declining farmer interest due to unstable selling prices 
and higher production costs (Herawati & Yulaikah 2011). 
Similar trends have also been reported in other major 
tobacco-producing countries, where socioeconomic 
and climatic factors significantly influence national 
production levels (Rasud & Bustaman 2020). One 
of the efforts that can be made to increase tobacco 
production is by using superior varieties, such as hybrid 
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shown that AgNPs exhibit broader and longer-lasting 
antimicrobial effects than conventional antibiotics 
while maintaining high callus viability and promoting 
morphogenesis in several plant species (Ali et al. 2019; 
Alfarraj et al. 2023). The purpose of this study was to 
evaluate the effects of a combination of nutrient media 
treatments and the concentration of silver nanoparticles 
(AgNP) on the in vitro regeneration of tobacco anthers.

2.2. Materials and Methods 

2.1. Explant Preparation and Sterilization
The explants were derived from stage 2 tobacco 

anthers, characterized by flower buds measuring 16-22 
mm in length, with green petals still closed, no corolla 
opening, and anthers containing microspores at the 
uninucleate to early binucleate stage (Chuprov–Netochin 
et al. 2016). The anthers were collected from 56-63-day-
old Na-Oogst tobacco plants of the H-382 variety grown 
in open-field conditions, as shown in Figure 1. The 
selected flower buds were then placed in a glass Petri 
dish and subjected to pre-cooling treatment at 4°C for 3 
days. Low-temperature stress treatment on the anther can 
shift the developmental pathway from the gametophytic 
to sporophytic phase, which is essential for inducing 
microspore reprogramming into embryogenic cells, 
enabling haploid or doubled-haploid plant regeneration 
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tobacco varieties. According to Herawati & Yulaikah 
(2011), hybrid tobacco plants can produce 4-5 more 
leaves, exhibit better adaptability, uniform growth, and 
resistance to various diseases, including Phytophthora 
nicotianae, Ralstonia solanacearum, and Tobacco 
Mosaic Virus (TMV). The formation of hybrid tobacco 
requires pure strain plants. However, the formation of 
pure strains conventionally requires a process of crossing 
and selection repeatedly until at least the 5th offspring 
(F5), which requires a long time of up to 5 years more 
(Nurhidayah et al. 2023). Efforts can be made to shorten 
the time required of form pure strain plants, one of which 
is to use anther culture techniques (Tefera 2019). Plants 
resulting from anther culture have 100% homozygosity 
after being multiplied into double-haploid plants, which 
are achieved in one generation (Sari & Solmaz 2021). 
Efforts to support the regeneration of tobacco anthers 
include the use of nutritious culture media. 

The culture medium that is often used in in vitro 
plant propagation is Murashige & Skoog (MS) because 
it contains more complex macro- and micronutrient 
formulations and vitamins. However, in some studies 
on rice anther culture, the nutrient medium used 
is Chu's N6 because it can help callus growth and 
differentiation (Ali et al. 2021). In addition, the addition 
of silver nanoparticles (AgNPs) supplements can help in 
regenerating explants by inhibiting ethylene formation, 
regulating Reactive Oxygen Species (ROS) (Yin et al.  
2020). One of the major challenges in anther culture 
is microbial contamination, which is often inevitable 
even under aseptic conditions. Contamination may 
originate from external sources, such as air, equipment, 
and operator handling, or from internal sources, such 
as endophytic microorganisms that persist within plant 
tissues even after surface sterilization (Cassells 2012). 
To minimize contamination, several antimicrobial 
agents have been used in plant tissue culture media, 
including antibiotics such as cefotaxime, streptomycin, 
and kanamycin, as well as chemical sterilants like 
mercuric chloride and sodium hypochlorite. However, 
these substances can cause phytotoxic effects, including 
inhibition of callus proliferation, tissue necrosis, and 
chlorosis (Murthy et al. 2014; Ali et al. 2021). Therefore, 
silver nanoparticles (AgNPs) have been proposed as a 
more biocompatible alternative. Ag ions and reactive 
oxygen species (ROS) released from AgNPs can damage 
microbial cell membranes, proteins, and DNA, thereby 
reducing external and internal contamination without 
significantly inhibiting plant regeneration (Alfarraj et al. 
2023; Khaldoun et al. 2025). Comparative studies have Figure 1. Size of tobacco flower buds in stage 2
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(Sood et al. 2021). Explant sterilization was performed 
under laminar airflow by immersing the flower buds 
in 70 % ethanol for 30-60 s, followed by 1 % sodium 
hypochlorite (NaClO) for 15 min, and rinsing twice 
with sterile distilled water for 3 min each. The treatment 
combinations and their respective codes are presented 
in Table 1.

2.2. Culture Environment and Data Analysis 
The media used were basal media (MS and Chu's N6) 

with varying nutrient concentrations, as shown in Table 
2. The two basal media were each given 30 g/L sucrose, 
0.5 ppm NAA, 1 ppm BAP (El-Fiki et al. 2015), and 
AgNPs according to the treatment (0, 2.5, 5, 7.5, and 10 
ppm) (Ewais et al. 2015) - which was then homogenized, 
and the pH, in the range of 5.8-6.2, was adjusted to 8 g/L 
agar, and the mixture was autoclaved for 30 minutes at 
121°C under 15 psi.

Each treatment was repeated 3 times, yielding 30 
experimental units. Each experimental unit consisted 
of a single 90 mm Petri dish containing 9 anthers. The 
planted explants were then incubated at 26°C under 
white fluorescent tube lamps with a photoperiod of 
16 hours of light and 8 hours of darkness, with light 
intensity of approximately 2000 lux, positioned about 40 
cm above the Petri dishes. Quantitative data on the early 

stages of explant development, including swelling, callus 
formation, bud initiation, and rooting, were recorded 
when explants exhibited visible signs of each stage. The 
regeneration process in tobacco anther culture consisted 
of five main stages: (1) induction, characterized by 
swelling of the anther tissue as an early response to stress 
and hormonal stimulation; (2) initiation, indicated by the 
formation of friable or compact callus on the surface of 
the anther; (3) germination, marked by the appearance 
of green spots or meristematic nodules on the callus 
surface; (4) maturation, observed as the differentiation 
of shoots or plantlets with developed leaves and stems; 
and (5) rooting, identified by root emergence from 
the basal part of regenerated shoots. The quantitative 
parameters measured at each stage included the time to 
initial appearance (days), the percentage of responding 
explants (%), and the number of organs formed (buds 
or roots). These parameters were used to evaluate the 
efficiency of each treatment in supporting the sequential 
stages of anther regeneration. Meanwhile, data on the 

Nutrients

NH4NO3
(NH4)2SO4
KNO3
CaCl2.2H2O
MgSO4.7H2O
KH2PO4

MnSO4.4H2O
ZnSO4.7H2O
H3BO3
KI
FeSO4.7H2O
Na2.EDTA.2H2O
CoCl2.6H2O
CuSO4.5H2O
Na2MoO4.2H2O

Glycine
Nicotinic Acid
Pyridoxine.HCl
Thiamine.HCl
Myo-inositol
Folic Acid
Biotin

Macro

Micro

Vitamins

MS

1.650 g
-

1.900 g
440 mg
370 mg
170 mg

22.3 mg
8.6 mg
6.2 mg
0.83 mg
27.8 mg
37.3 mg
0.025 mg
0.025 mg
0.25 mg

2 mg
5 mg

0.5 mg
0.5 mg
100 mg
0.5 mg
0.05 mg

Chu's N6

-
463 mg
2.830 g

125.33 mg
90.37 mg
400 mg

3.3 mg
1.5 mg
1.6 mg
0.8 mg

27.85 mg
37.25 mg

-
-
-

2 mg
0.5 mg
0.5 mg
1 mg

-
-
-

Table 2. Composition of MS and Chu's N6 media in 1 liter

Treatment code

K1 
K2 
K3 
K4 
K5 
K6 
K7 
K8 
K9 
K10 

Nutrient media + AgNPs 
supplement concentration 
MS+0 ppm AgNPs 
MS+2.5 ppm AgNPs 
MS+5 ppm AgNPs 
MS+7.5 ppm AgNPs 
MS+10 ppm AgNPs 
Chu's N6+0 ppm AgNPs 
Chu's N6+2.5 ppm AgNPs 
Chu's N6+5 ppm AgNPs 
Chu's N6+7.5 ppm AgNPs 
Chu's N6+10 ppm AgNPs 

Table 1. Treatment codes of the combination of nutrient 
media+AgNPs supplement concentration

Note: All treatments were supplemented with 0.5 ppm NAA and 
1 ppm BAP in addition to the combinations listed above. K1 = 
MS + 0 ppm AgNPs; K2 = MS + 2.5 ppm AgNPs; K3 = MS + 5 
ppm AgNPs; K4 = MS + 7.5 ppm AgNPs; K5 = MS + 10 ppm 
AgNPs; K6 = Chu’s N6 + 0 ppm AgNPs; K7 = Chu’s N6 + 2.5 
ppm AgNPs; K8 = Chu’s N6 + 5 ppm AgNPs; K9 = Chu’s N6 + 
7.5 ppm AgNPs; K10 = Chu’s N6 + 10 ppm AgNPs
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parameters of the percentage of explants swelling, callus, 
budding, and rooting, as well as the percentage of media 
contaminated with fungi and bacteria, were monitored 
and recorded every day from the start of culture until 
150 days after incubation.

2.3. Data Collection and Observation 
Parameters

Quantitative data were collected at each stage of 
explant development, including induction, initiation, 
germination, maturation, and rooting. The parameters 
observed were:
Induction stage: time (days) and percentage of anthers 

showing swelling response.
Initiation stage: time and percentage of callus formation, 

and callus growth rate.
Maturation stage: number of shoots and leaf formation.
Rooting stage: number of roots and percentage of rooted 

explants.
Quantitative observations were recorded every 3 days 

up to 150 days of culture.

2.4. Qualitative Observation
Qualitative parameters included callus color, texture, 

and surface morphology. Callus color was evaluated 
against the Munsell Color Chart, and callus texture was 
assessed by gentle handling with sterile forceps in the 
laminar airflow cabinet. Qualitative observations were 
made concurrently with quantitative measurements to 
provide complementary descriptive data.

2.5. Scanning Electron Microscopy (SEM) 
Analysis

SEM analysis was conducted at the end of the 
culture period to examine the micro-morphological 
characteristics of regenerated tissues. SEM observations 
were performed to confirm the surface structure of callus 
and bud development and to detect morphological 
changes in callus and bud development caused by 
AgNP exposure that could not be observed under a light 
microscope (Yan & Chen 2019).

2.6. Statistical Analysis
Quantitative data were statistically analyzed using 

Analysis of Variance (ANOVA) to determine significant 
differences among treatments. If significant differences 
were found, data were further analyzed using Duncan’s 
Multiple Range Test (DMRT) at a 95% confidence level.

3. Results

3.1. Initial Appearance of Explant Swelling, 
Callus Formation, Bud Emergence, and Root 
Initiation

The fastest swelling, callusing, and budding explants 
were shown in treatment K2 (MS + 2.5 ppm AgNPs). 
The longest swelling and callus explants were shown in 
treatments K9 (Chu's N6 + 7.5 ppm AgNPs) and K10 
(Chu's N6 + 10 ppm AgNPs). The longest explant-budding 
time was observed in treatment K6 (Chu's N6 + 0 ppm 
AgNPs). The fastest root emergence was in treatment 
K4 (MS + 7.5 ppm AgNPs). The initial appearance of 
explant swelling, callus formation, bud emergence, and 
root initiation across treatments is shown in Figure 2. 

3.2. Percentage of Swelling, Callus, Budded, and 
Rooted Explants 

Data on the percentage of swelling, callus, bud, and 
root explants are shown in Table 3. In all treatments, 
the percentage of explant swelling was 100%. The 
highest percentage of calloused explants was observed 
in treatments K1 (MS + 0 ppm AgNPs) and K2 (MS + 
2.5 ppm AgNPs), of 100%. The lowest percentage of 
callus explants was observed in treatment K10 (Chu's N6 
+ 10 ppm AgNPs), at only 33%. The highest percentage 
of budded explants was observed in treatment K2 (MS 
+ 2.5 ppm AgNPs), while the lowest was in treatments 
K9 (Chu's N6 + 7.5 ppm AgNPs) and K10 (Chu's N6 
+ 10 ppm AgNPs), which could not grow shoots at all. 
The highest percentage of budded explants was observed 
in treatments K2 (MS + 2.5 ppm AgNPs) and K4 (MS 
+ 7.5 ppm AgNPs), whereas the other treatments failed 
to grow roots.

3.3. Number of Buds and Roots
Data on the number of buds and roots are shown in 

Figure 3, which shows that the highest number of buds 
was in K1 (MS + 0 ppm AgNPs). Buds were formed 
only in treatments K2 (MS + 2.5 ppm AgNPs) and K4 
(MS + 7.5 ppm AgNPs), with the same number in each 
treatment. Visualization of bud data is shown in Figure 
4, and roots in Figure 5. 

3.4. Percentage of Media Contaminated with 
Fungus or Bacteria

Data on the percentage of contaminated media are 
shown in Figure 6, which indicates that all treatment media 
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Treatment 
code

Percentage of explants (%)
Callus
100a

100a

89a

78a

78a

100a

78a

67ab

44bc

33c

Swelling
100
100
100
100
100
100
100
100
100
100

K1
K2
K3
K4
K5
K6
K7
K8
K9
K10

Buds
44b

89a

44b

33b

11b

22b

33b

11b

0b

0b

Roots
0
11
0
11
0
0
0
0
0
0

Table 3. Percentage of swelling, callus, bud, and root explants

Note: K1 = MS + 0 ppm AgNPs; K2 = MS + 2.5 ppm AgNPs; K3 = 
MS + 5 ppm AgNPs; K4 = MS + 7.5 ppm AgNPs; K5 = MS + 10 
ppm AgNPs; K6 = Chu’s N6 + 0 ppm AgNPs; K7 = Chu’s N6 + 
2.5 ppm AgNPs; K8 = Chu’s N6 + 5 ppm AgNPs; K9 = Chu’s N6 
+ 7.5 ppm AgNPs; K10 = Chu’s N6 + 10 ppm AgNPs. Different 
letters within the same column indicate significant differences 
according to DMRT (p<0.05)

Initial appearance of explat swelling, callus formation, bud emergence, and root rotation (days)

Tr
ea

tm
en

t

Swelling
Callus
Bud
Root

K10

K9

K8

K7

K6

K5

K4

K3

K2

K1

0 20 40 60 80 100 120 140 160

Figure 2. Initial appearance of explant swelling, callus formation, bud emergence, and root initiation. K1: MS + 0 ppm AgNPs, K2: MS + 
2.5 ppm AgNPs, K3: MS + 5 ppm AgNPs, K4: MS + 7.5 ppm AgNPs, K5: MS + 10 ppm AgNPs, K6: Chu's N6 + 0 ppm AgNPs, 
K7: Chu's N6 + 2.5 ppm, AgNPs, K8: Chu's N6 + 5 ppm AgNPs, K9: Chu's N6 + 7.5 ppm AgNPs, K10: Chu's N6 + 10 ppm 
AgNPs

are contaminated with either fungi or bacteria. Treatments 
with the highest percentage of contaminants in treatment 
K1 (MS + 0 ppm AgNPs) and K6 (Chu's N6 + 0 ppm 
AgNPs). Treatments K2 - K5 and K7 - K10 showed a 
slightly lower percentage of contaminants. Visualization 
of the data on the percentage of contaminants and the 
level of spread of contaminants on the culture media can 
be seen in Figure 7. In the K1 (MS + 0 ppm AgNPs) and 

K6 (Chu's N6 + 0 ppm AgNPs) treatments, the level of 
spread of contaminants is wide enough to almost cover 
the entire media in the petri dish. While the K2-K5 and 
K7-K10 treatments showed a less diffuse level of spread. 

3.5. Callus Colour and Texture
Determination of callus color is done by matching it 

to the color found in the Munsell color chart. The results 
of callus color in each treatment showed that almost all 
had a green-yellow color, except for the color of callus 
in treatment K6 (Chu's N6 + 0 ppm AgNPs) and K10 
(Chu's N6 + 10 ppm AgNPs), which had a yellow color. 
Determination of callus texture was done by holding the 
callus using sterile tweezers in the LAF. The results of 
callus texture showed that almost all treatments had a 
compact texture, except for treatments K4 (MS + 7.5 
ppm AgNPs) and K5 (MS + 10 ppm AgNPs), which had 
an intermediate texture. Data on the color and texture of 
the callus are shown in Table 4.

3.6. SEM Analysis
SEM (Scanning Electron Microscopy) analysis aims 

to observe the surface structure of explants that have 
exhibited growth and development responses as a result 
of the treatment. The sample used came from treatment 
K4 (MS + 7.5 ppm AgNPs).
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0 ppm AgNPs
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2.5 ppm AgNPs 5 ppm AgNPs 7.5 ppm AgNPs 10 ppm AgNPs

Figure 4. Visualization of the number of buds in each treatment with a magnification of 16x (white arrow) at 80 days after culture

Figure 5. Visualization of the number of roots with a magnification of 16x (white arrow). K2: MS + 2.5 ppm AgNPs (right) and K4: MS + 
7.5 ppm AgNPs (left) at 120 days after culture
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Figure 3. Number of buds and roots. K1: MS + 0 ppm AgNPs, K2: MS + 2.5 ppm AgNPs, K3: MS + 5 ppm AgNPs, K4: MS + 7.5 ppm 
AgNPs, K5: MS + 10 ppm AgNPs, K6: Chu's N6 + 0 ppm AgNPs, K7: Chu's N6 + 2.5 ppm AgNPs, K8: Chu's N6 + 5 ppm 
AgNPs, K9: Chu's N6 + 7.5 ppm AgNPs, K10: Chu's N6 + 10 ppm AgNPs
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Figure 6. Percentage of media contaminated with fungi or bacteria. K1: MS + 0 ppm AgNPs, K2: MS + 2.5 ppm AgNPs, K3: MS + 5 ppm 
AgNPs, K4: MS + 7.5 ppm AgNPs, K5: MS + 10 ppm AgNPs, K6: Chu's N6 + 0 ppm AgNPs, K7: Chu's N6 + 2.5 ppm AgNPs, 
K8: Chu's N6 + 5 ppm AgNPs, K9: Chu's N6 + 7.5 ppm AgNPs, K10: Chu's N6 + 10 ppm AgNPs

Treatment code
K1 
K2 
K3 
K4 
K5 
K6 
K7 
K8 
K9 
K10 

Color
Green-yellow 
Green-yellow 
Green-yellow 
Green-yellow 
Green-yellow 

Yellow 
Green-yellow 
Green-yellow 
Green-yellow 

Yellow 

Texture
Compact 
Compact 
Compact 

Intermediates 
Intermediate 

Compact 
Compact 
Compact 
Compact 
Compact 

Table 4. Color and texture of callus in each treatment

Note: K1 = MS + 0 ppm AgNPs; K2 = MS + 2.5 ppm AgNPs; K3 = 
MS + 5 ppm AgNPs; K4 = MS + 7.5 ppm AgNPs; K5 = MS + 10 
ppm AgNPs; K6 = Chu’s N6 + 0 ppm AgNPs; K7 = Chu’s N6 + 
2.5 ppm AgNPs; K8 = Chu’s N6 + 5 ppm AgNPs; K9 = Chu’s N6 
+ 7.5 ppm AgNPs; K10 = Chu’s N6 + 10 ppm AgNPs

Figure 7. Visualization of a contaminant. Contaminant (red arrow), 
Tobacco anther explant (yellow arrow)

4. Discussion

4.1. Effect of Media Composition and Nutrients
Tobacco anthers grown in MS medium showed a 

better regeneration response than Chu N6 medium, 
with the K2 treatment (MS + 2.5 ppm AgNP) being the 
best. This is related to the nutrient composition of both 
media. MS medium contains higher concentrations 
of the macronutrients N, Ca, and Mg than N6 (which 
is rich in P, K, and S), and is more complete in 
micronutrients (Mn, Zn, B, Co, Cu, and Mo). Nitrogen 

is vital because it is a major component of chlorophyll, 
amino acids, proteins, and nucleic acids that support 
plant tissue formation (Wang et al. 2024). Calcium 
in MS is essential for cell wall integrity; Ca forms 
calcium-pectate bridges in the middle lamella, which 
stabilize the wall structure, act as enzyme cofactors, 
and facilitate the uptake of other nutrients (Wdowiak 
et al. 2024). Magnesium also acts as a cofactor for 
many enzymes (e.g., in photosynthesis) and regulates 
the uptake of phosphate and potassium (Harris et al. 
2018). Therefore, although N6 is rich in P, K, and S, 
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its utilization efficiency is reduced without sufficient 
Ca and Mg support. In addition, MS provides essential 
micronutrients: for example, manganese (Mn) is 
required for the PSII oxygen-evolving complex 
(water-splitting reaction) (Alejandro et al. 2020); 
Zinc (Zn) acts as an enzymatic cofactor (such as 
carboxylic anhydrase and SOD) and plays a role in 
auxin regulation and root growth (Kimura et al. 2023); 
Boron (B) facilitates nitrogen and auxin metabolism 
for root cell division (Brdar-Jokanović 2020); Cobalt 
(Co) is required in vitamin B12 for nitrogen-fixing 
enzymes (Hu et al. 2021); Copper (Cu) is a cofactor in 
photosynthesis, respiration, and the antioxidant system 
(Xu et al. 2024); and molybdenum (Mo) is involved 
in hormone synthesis, nitrogen assimilation, and purine 
metabolism (Rana et al. 2020).

Vitamins and organic compounds also have 
important effects. MS medium contains biotin, folic 
acid (B9), and myo-inositol, which are not present in 
N6. Biotin is a cofactor for carboxylase enzymes in 
primary metabolism (helping to form lipid membranes 
and provide energy for root cells) (Che et al. 2003). 
Folic acid is a precursor of tetrahydrofolate for one-
carbon transfer reactions essential for the synthesis 
of purines, pyrimidines, and amino acids (Ayala-
Rodríguez et al. 2017). Myo-inositol is required for 
the synthesis of membrane phospholipids and cell wall 
polysaccharides (pectin) and is known to facilitate the 
uptake of micronutrient metal ions (e.g., Zn) (Hu et al. 
2020; Amaral & Brown 2022). Thus, MS media, richer 
in nutrients, micronutrients, and vitamins, promote 
accelerated explant growth and development (callus, 
shoot, and root formation). It is also noteworthy that 
explant preparation (cutting and sterilization) causes 
tissue injury, triggering Ca2+ uptake and a surge in ROS 
to initiate the healing process and callus formation. 
The complete nutritional content of MS supports these 
biochemical processes.

4.2. Influence of Culture Conditions on 
Regeneration Stages

The data showed that the K2 treatment (MS + 2.5 
ppm AgNP) resulted in the fastest anther swelling, callus 
formation, and shoot emergence, while the Chu N6 
treatment with high AgNP (K9, K10) was the slowest. 
This difference is primarily due to media composition 
and hormone interactions. The initial induction phase 
(swelling) is driven by the hormone auxin, which 
activates the expansin and XTH genes, loosening cell 
walls, allowing water to enter, and increasing turgor 

pressure (Cosgrove 2022). Wounding caused by explant 
preparation also triggers an influx of Ca2+ and a surge of 
ROS, activating a series of healing signals that trigger 
callus formation (Minibayeva et al. 2015; Ikeuchi et 
al. 2019). Afterward, the rate of callus formation is 
largely influenced by endogenous explant hormones 
and cytokinins in the media. The addition of cytokinin 
(BAP) stimulates cell division, resulting in compact 
callus formation (rapid cell wall lignification) (Rasud 
& Bustaman 2020; Ningrum 2024).

During the organogenesis phase, the number of shoots 
and roots is strongly influenced by the auxin:cytokinin 
ratio. Treatment without AgNP (K1) produced the highest 
number of shoots due to high auxin accumulation (AgNP 
actually reduces auxin receptor expression, shifting the 
auxin:cytokinin ratio to a lower level) (Sun et al. 2017). 
Conversely, treatments with moderate levels of AgNP 
(K2, K3) resulted in faster root emergence; this occurs 
because although AgNP suppresses auxin accumulation, 
endogenous auxin levels in these treatments remain high 
enough to stimulate root formation (Stoynova-Bakalova 
et al. 2022). In general, nanoparticles such as AgNP 
are known to regulate hormonal pathways and oxidative 
stress, thereby enhancing organogenesis (including callus 
formation, shoot division, and rooting). In other words, 
culture conditions (media type, AgNP concentration, 
hormone administration) synergistically affect the rate 
of swelling, callus formation, shoot and root formation 
in accordance with plant physiological mechanisms.

4.3. Quantitative Response of Explants
Quantitative data on the developmental response of 

tobacco anther explants at each stage of regeneration 
showed clear differences among the treatments. The 
induction stage, indicated by explant swelling, occurred 
in all treatments with a 100% response rate; however, the 
fastest response time was recorded in K2 (MS + 2.5 ppm 
AgNPs), followed by K1 (MS + 0 ppm AgNPs), while 
the slowest was in K9 (Chu’s N6 + 7.5 ppm AgNPs) and 
K10 (Chu’s N6 + 10 ppm AgNPs).

At the initiation stage, the highest percentage of 
callus formation (100%) was also observed in K1 and 
K2, whereas the lowest (33%) occurred in K10. The 
average time to callus appearance was significantly 
shorter in MS-based media than in Chu’s N6-based 
media, indicating the stronger nutritional support of MS 
for early cell proliferation.

During the maturation stage, which was characterized 
by bud emergence, the largest number of buds was 
recorded in K1 (MS + 0 ppm AgNPs), followed by K2 
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(MS + 2.5 ppm AgNPs) and K4 (MS + 7.5 ppm AgNPs). 
In contrast, the Chu’s N6 treatments with higher AgNP 
concentrations (K9 and K10) failed to produce buds.

At the rooting stage, root formation occurred only in K2 
and K4, both of which showed the same average number 
of roots per explant, whereas other treatments exhibited 
no rooting response. Statistical analysis (ANOVA, 
p<0.05) confirmed significant differences among 
treatments for all measured quantitative parameters—
time of appearance, percentage of responding explants, 
and number of organs formed. Duncan’s Multiple Range 
Test (DMRT) further identified K2 (MS + 2.5 ppm 
AgNPs) as the most effective combination for supporting 
the sequential stages of tobacco anther regeneration.

4.4. Qualitative Characteristics of Callus
The results of callus color in Table 4 also show that 

most treatments produce green-yellow callus color 
caused by nutrients in more complex media and the 
provision of AgNPs in the culture media. According to 
Azadi et al. (2021), the provision of AgNPs in culture 
media can increase the uptake of N, Mg, and Fe, which 
are involved in chlorophyll biosynthesis. In line with the 
results of research by Satya et al. (2024), the addition of 
AgNPs to the culture medium can increase the amount 
of chlorophyll a and b in Maerua oblongifolia plants. 
This can occur because AgNPs inhibit ethylene formation 
and activity, leading to chlorophyll degradation (Azadi 
et al. 2021). Callus color data (Table 4) for the K6 and 
K10 treatments are yellow. It is suspected that tobacco 
anther explants experience nutritional stress because the 
nutrient content in Chu's N6 media is not complex and 
tends to have a low concentration. So that if the tobacco 
anther is planted on Chu's N6 media supplemented with 
high concentrations of AgNPs, the oxidative stress 
caused by the AgNPs may overwhelm the nutrients in 
the media, which cannot counteract the stress. According 
to Iori et al. (2023), high concentrations of AgNPs can 
cause excessive ROS production, resulting in a yellow 
callus color.

The formation of callus texture can be influenced 
by the synergistic effect of endogenous auxin and 
cytokinin hormones given to the explants. The callus 
texture shown in Table 4 indicates that all calli are 
compact, with only K4 and K5 exhibiting an intermediate 
texture. The intermediate callus texture comes from a 
combination of compact and friable callus textures. 
According to Ningrum (2024), cytokinin addition to the 
media can increase cell division, making the callus more 
compact as cell walls form more quickly and undergo 

lignification. In addition, the compact callus texture is 
also caused by differences in the ability of plant tissues 
to absorb nutrients, especially N and growth regulators 
in the culture media (Silvina et al. 2022). Callus with a 
compact texture is good callus for organogenesis, while 
crumbly callus is used in callus induction to produce 
secondary metabolites. Friable callus can occur because 
its cells undergo rapid division. According to Silvina et 
al. (2022), a callus with a crumbly texture can increase 
oxygen diffusion between cells, making it suitable for 
suspension culture because it contains single cells that 
are easy to separate.

4.5. SEM Analysis and Morphological Changes
SEM analysis revealed distinct changes in the 

microstructure of the tissue surface due to AgNP 
treatment. In sample K4 (MS + 7.5 ppm AgNPs), 
compact callus structures with emerging bud primordia 
were observed before SEM analysis, while SEM 
images showed elongated epidermal-like cells and 
numerous microscopic pores on the callus and shoot 
surfaces (Figure 8). These irregularities indicate altered 
cell wall integrity and differentiation processes under 
AgNP exposure. This finding is consistent with previous 
studies reporting that AgNPs can penetrate cell walls 
and trigger the formation of new pores, leading to 
membrane disruption and cytoplasmic shrinkage. AgNPs 
accumulated in plasmodesmata (50-60 nm in size) 
may inhibit intercellular communication and nutrient 
transport. Thus, SEM observations confirm that AgNP 
treatment modifies the microstructure of explant surfaces 
by forming pores and altering tissue organization, 
aligning with the known antimicrobial and cytotoxic 
effects of AgNPs (Yan & Chen 2019; More et al. 2023).

4.6. Anticontaminant Effect and Statistical 
Interpretation

AgNPs also act as anticontaminant agents. Ag+ ions 
and ROS from AgNPs are known to damage microbial 
membranes, proteins, and DNA, thereby reducing 
contamination without significantly inhibiting plant 
regeneration. Compared to traditional antibiotics, AgNPs 
provide a broader and longer-lasting antimicrobial effect. 
In this study, although contamination levels in media 
with AgNPs (especially K2) were reduced, none of 
the treatments were completely free of contaminants. 
Alfarraj et al. (2023) showed that the inhibitory effect 
of AgNP on bacterial/fungal growth was significant only 
at concentrations >20 ppm. In contrast, concentrations 
of 0-10 ppm (as in this experiment) were insufficient for 
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Figure 8. Visualization of callus condition in treatment K4: MS + 7.5 ppm AgNPs before and after SEM analysis. (A) Callus surface before 
SEM showing compact callus with emerging bud primordia. (B) SEM overview of callus–bud complex morphology at 5 mm 
magnification. (C) SEM image showing elongated epidermal-like cells indicating early differentiation (200 mm magnification). 
(D) SEM image showing pore-like openings and irregular cell surfaces caused by AgNP treatment (200 mm magnification). 
Arrows in each image indicate the observed structural features

complete sterilization. This explains why some cultures 
were still contaminated (possibly due to endophytes 
or handling), even though 10 ppm AgNPs partially 
suppressed microbial growth. Statistically, ANOVA/
DMRT results (p<0.05) showed significant differences 
between treatments regarding contamination; the 
treatment with the best regeneration (K2) recorded the 
lowest percentage of contamination. Further analysis 
also showed an inverse correlation between media 
contamination and regeneration results, confirming 
that AgNP application improved the overall culture 
performance (DMRT significance α=0.05 in the data). 
Thus, the anticontaminant mechanisms of AgNPs (silver 
ions and ROS) were integrated into the culture medium, 
and statistical analysis confirmed the experimental 
findings that K2 significantly outperformed in all 
observed parameters.

In Conclusion, this study demonstrates that the 
interaction between culture medium composition 
and silver nanoparticle concentration significantly 
influences in vitro anther regeneration of tobacco. MS 
medium supplemented with 2.5 ppm silver nanoparticles 
produced the most favorable response, characterized by 
100% callus formation, the highest shoot regeneration 
percentage, and successful rooting.

From a practical perspective, this optimized culture 
system provides an efficient and reproducible protocol 
for anther-derived plant regeneration and can be directly 
applied to doubled haploid production. The use of low-
dose silver nanoparticles not only enhances regeneration 
efficiency but also reduces the risk of contamination, 
thereby improving the reliability of in vitro anther culture. 
Consequently, this protocol has strong potential to 
accelerate tobacco breeding programs by shortening the 
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breeding cycle, increasing the efficiency of homozygous 
line development, and supporting the rapid selection of 
superior genotypes for future variety improvement.
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