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A B S T R A C T   

Iron oxide (Fe3O4) and manganese dioxide (MnO2) Nanoparticles (NPs) were synthesized via 
green synthesis approach using beetroot (Beta vulgaris) leaf extract and evaluated as nanofertilizer 
for studies of In-vitro microtuberization of potato. Successfully biogenesis of NPs were demon
strated through UV–visible spectroscopy, FTIR, XRD, SEM-EDX, and TEM analysis. In-vitro 
micortuberization analysis, single nodal explants of potato were placed on media (Murashige- 
Skoog plant growth medium devoid of original Fe and Mn salt) added with different concen
trations of metal oxide-NPs, and physiological, biochemical and molecular changes were observed 
via using standard methods. The interaction of the NPs with the nodal explants significantly 
induced early tuber induction and tuber growth upon application of Fe3O4NPs (4.0 mg L-1) and 
MnO2NPs (1.0 mg L-1) in comparison to untreated potato tissues. Molecular analysis of potato 
tissues revealed enhanced expression of primary tuber inducing genes viz. Calcium-Dependent 
Protein Kinases (StCDPK), Calmodulin (StCaM1), and Lipoxygenase (StLOX) enzyme activity 
show a positive correlation of tuber induction with added NPs. Further elemental analysis via 
EDX exhibited that the addition of biocompatible metal oxide NPs in the growth media induced 
the cytosolic Ca+2 burst leading to enhanced expression of major tuber induction pathway genes 
resulting in early and enhanced potato tuberization. Absorption of metal-oxide NPs in micro
tubers was evaluated by FTIR and EDX mapping. This study is the first report on the molecular 
mechanism involved in regulating NPs induced the potato tuberization under In-vitro conditions. 
The study also indicated that application of the metal-oxide NPs as nano-nutrient to enhanced 
potato microtuber production.   

1. Introduction 

Nanotechnology has come to light as the 6th revolutionary science of craft after the green and biotechnology revolution. The 
potential benefits of nanotechnology are enormous in cosmetic, pharmaceuticals, food processing, and textile industries. Among 

Abbreviations: NPs, Nanoparticles; CaM, Calmodulin proteins; LOX, Lipoxygenase; Fe3O4NPs, Iron oxide nanoparticles; MnO2NPs, Manganesh oxide nanoparticles; 
BLAE, Beetroot leaf aqueous extract. 
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others, it has great potential in the agriculture field, especially; nanoparticles (NPs) as micro-nutrients delivery systems could bring 
crop nutrients efficiently and timely due to their unique physio-chemical properties. Various types of nano-size products are already in 
the market being used for many applications, so the negative effect of NPs and molecular interactions between NPs and plants is 
receiving significant interest. In this context, nano-toxicology is an up and coming area of research (Singh et al., 2019). Therefore, it is 
paramount to prove that NPs fabrication is eco-friendly before being used in agriculture applications (Saratale et al., 2018; Fatima 
et al., 2021). Hence, the green chemistry principle offers the synthesis of metal NPs utilizing the natural resource, non-hazardous 
substances. The plant-mediated green synthesis is now widespread and preferred over other methods for the synthesis of various 
metal oxide NPs, due to its higher reactivity, small size and large surface area for promoting the development of eco-friendly and 
sustainable farming (Saratale et al., 2018; Khalil et al., 2021). The NPs have been well recognized to interact with the living system. 
Interaction of NPs with the biomolecules depends on their size, core composition, shape, surface properties, purity, stability, and mode 
of synthesis of NPs (Singh et al., 2018; Sanzari et al., 2019). 

The interactions of metal NPs exhibited positive and negative impacts on the plant’s development. The positive impact of NPs 
interactions with plants cell are enormous, which include the improvement in seed germination, seedling elongation, shoot and root 
length of plants, photosynthetic activity, change in the uptake of nutrient, thus triggering enhanced plant growth and biomass (Marslin 
et al., 2017; Hamza, 2019). The essential micro-elements as nano-nutrients including iron (Fe), manganese (Mn), boron (B), copper 
(Cu), zinc (Zn), and molybdenum (Mo) play an essential role in plant growth, development, and productivity at an optimum con
centration. Among these microelements, the role of Fe and Mn have been specially recognized, which play an essential role as an 
enzyme cofactor of photosynthesis and other metabolic processes, including the enzymatic removal of reactive oxygen species (ROS) 
(Sidhu et al., 2019; Alejandro et al., 2020; Shi et al., 2020). It has been reported that MnO and FeO NPs as potential nanofertilzer found 
to be effective for the increasing plants growth and development via modulating antioxidant machinery. (Pradhan et al., 2013; Elmer 
and White, 2016; Dimkpa et al., 2018; Rui et al., 2016; Moradbeygi et al., 2020; Karunakaran et al., 2017; Liu et al., 2020). Multi
functional properties of Fe and Mn oxide NPs and their biocompatibility in metabolism encourage choosing these NPs in the present 
study. Nanotechnology has been applied especially in tissue culture for studies of improved crops growth and yield as well as 
biochemical and molecular changes behind these interaction (Tariq et al., 2020). 

The potato (Solanum tuberosum L.) is the third most important food crop after wheat and rice. India is the second-largest producer 
country of potatoes globally after China (Hill et al., 2021). Therefore, careful nutrient management is very important to get maximum 
yield. Potato tubers are formed via swelling of the underground stem into stolon, subsequently growing as an inflated structure like 
tuber due to storage of starch, also has chances of direct uptake of nanoparticles from medium, thus manipulating the tuberization. To 
the author’s knowledge, only few studies have shown the effect of NPs under In-vitro conditions such as the application of Cobalt NPs 
(CoNPs) with the presence of sucrose and ABA in MS media induced tuber growth and yield (Hamza, 2019), and pectin tagged 
nano-silver effective for microtuberization (Abedini et al., 2020).There is no report till date on understanding the impact of Fe and Mn 
oxide NPs on tuberization efficacy of potato. In lieu of above discussion, the current work describes a green synthesis of stable, 
biocompatible Fe3O4 and MnO2 NPs using beetroot (Beta vulgaris L.) leaves aqueous extracts as a reducing agent. The molecular and 
biochemical studies were also done to unearth the interaction of the metal oxide NPs with the potato tissues leading to induction of 
tuber formation under In-vitro conditions. 

2. Material and methods 

2.1. Green synthesis of metal oxide nanoparticles 

2.1.1. Preparation of beetroot leave extract 
Younger leaves (100 mg) of beetroot (Beta vulgaris L.) were dried and crushed to a fine powder and transferred to Erlenmeyer flasks 

containing double distilled water (100 mL). The mixture was boiled for 30 min and filtered through Whatman filter paper No. 1 to 
collect the aqueous filtrate, stored at 4 ◦C. The filtrate was referred to as beetroot leaf aqueous extract (BLAE) and used as a reducing 
agent for synthesis of Fe and Mn metal oxide NPs. 

2.1.2. Synthesis of metal oxide NPs 
The solution containing (45 mL of 20.0 mM FeCl36H2O, and 45 mL of 10 mM FeCl24H2O Sigma-Aldrich, USA) were taken to a flask 

and 10 mL of the BLAE was added to it. The mixture was heated at 80 οC for 5–10 min on water bath. The change in colour of solution 
indicated the completion of reaction and the synthesis of Fe3O4. Similarly, MnO2 NPs were synthesized taking an aqueous solution of 
potassium permanganate (2.0 mM, 90 ml KMnO4, Sigma-Aldrich) in the flask, and 10 mL of BLAE was added to it. This solution 
mixture was heated at 80οC on the water bath to initiate reduction process. Completing the reaction was indicated by a change in 
colour and the synthesis of MnO2 NPs. At the same time, synthesis of NPs was monitored via a change in absorption spectra from 
different time intervals at 200–600 nm wavelength using UV–Visible spectrophotometer (UV-1800, Shimadzu, Japan). The colloidal 
suspensions obtained upon completion of reduction reaction were then centrifuged and washed several times with ethanol and dried at 
40 ◦C. The purified dried powder of the Fe3O4 and MnO2 NPs were further characterized and used in experiments. 

2.2. Characterization of metal oxide NPs 

The Fourier-Transform Infra-Red (FTIR) spectroscopic measurement of electromagnetic radiation were recorded through FTIR- 
BRUKER Tensor 37 (Bruker, USA) with wavelengths within the mid-infrared region (4000–400 cm− 1) operating at a resolution of 4.0 
cm− 1.The crystalline structure and phase purity of the biogenic iron and manganese oxide NPs were identified by X-ray diffraction 
measurement (XRD, Model D8 Advance BRUKER, USA) equipped with Cu-kα (1.54060 Å) radiation at 2θ angle pattern with scanning 
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in the range of 5◦–100◦ (Joshi et al., 2019). 
The shape and size distribution of Fe and Mn oxide NPs were quantified using high-resolution Scanning Electron Microscopy (SEM, 

Nova Nanosem 450) operated at an accelerating voltage of 20 kV (Joshi et al., 2019). The elemental content of the oxide NPs was 
analyzed using SEM data equipped with EDS quantification software. The size and internal morphology of green synthesized NPs were 
also determined using Transmission Electron Microscopy (TEM, Talos F200X G2, UK). The TEM grid was prepared by loading 1.0 μL 
NPs solution on the carbon-coated copper grid. The samples dried under the lamp, and images were taken using an accelerating voltage 
200 kV (Joshi et al., 2018). 

2.3. In-vitro tuberization with supplementation of metal oxide NPs in the growth medium 

The potato (Solanum tuberosum L) variety Kufri jyoti obtained from Central Potato Research Station, India, were used for this study. 
Tuberization experiments were done using a single nodal segment collected from 4 to 5 weeks old plants. The nodal segments were 
placed on the MS (Murashige–Skoog) medium (Murashige and Skoog, 1962), devoid of its original constituent of Fe and Mn salts 
containing 7% sucrose, 0.8% agar with pH 5.8 supplemented with various concentrations of either Fe and Mn oxide NPs (0 ppm–6 ppm 
concentrations). The NPs were added in the MS medium by sonicating the NPs aqueous solution to distribute evenly into the medium. 
The cultures were incubated under continuous dark with 60 ± 5% relative humidity at 18±2 ◦C, following the standard protocol 
(Upadhyaya et al., 2016). The MS medium devoid of NPs served as an experimental control. An independent set of experiments used as 
the negative control where the MS medium was added with green synthesized silver nanoparticles (Ag NPs) (Particle size 40–60 nm 
according to SEM analysis (Joshi et al., 2019), and TEM image of Ag NPs represented in the Supplementary Fig. 3) which inhibit the 
tuberization process. The MS medium (with 7% sucrose) supplemented with 9.0 mM of CaCl2 was also used in the study as a positive 
control, as the application of Ca+2 in the medium has already been shown to induce efficient In-vitro tuberization (Upadhyaya et al., 
2016). The growth of developing buds was observed daily by measuring the length of stolon tuber induction period and the width of 
tubers by determining the frequency of tuberization. The data of each culture condition was taken as average of uniformly grown 
tubers, and stolon were collected separately for 30 days, depending on the sample type. The stolon developed first on the node hence 
collected first and so on, each treatment consisted of 50 nodal segments, and the experiment was repeated thrice with a total of 150 
explants. 

2.4. Evaluation of NPs uptake by plant tissues 

Accumulation of Fe and Mn NPs in the treated and untreated microtuber tissues were analyzed using the non-quantities simple 
techniques such as FTIR spectroscopy and SEM-EDS mapping. The dried tuber tissues’s powder spectrum was recorded through FTIR- 
BRUKER Tensor 37 (Bruker, USA) via the transmittance mode over the range of 400–4000 cm-1 operating at a resolution of 4.0 cm− 1 

(Boutchuen et al., 2019). 
Elemental analysis of metal oxide NPs treated and untreated In-vitro grown tuber samples were examined separately under 

Scanning Electron Microscopy (SEM), (Model- Nova Nanosem 450) equipped with Energy Dispersive Spectrum (EDS) analysis soft
ware. The samples were dried and crushed to a fine powder poured onto conductive carbon coated adhesive tape followed by gold 
coating, and further analysis was done to confirm the presence of Fe and Mn NPs in the treated tuber samples (Shankramma et al., 
2016). 

2.5. Expression analysis of signalling pathways genes for tuberization 

The calcium-dependent protein kinases (StCDPK), calmodulin proteins (StCaM) and lipoxygenase (StLOX) cascade are recognized 
as major signalling pathway genes regulating the potato tuberization. Total RNA was isolated from the stolon and tubers, using the 
TriZol™ reagent (Invitrogen, USA) following the standard protocol. The cDNA synthesis was done using SuperScript™ Reverse 
Transcriptase enzyme (Invitrogen, USA) as per manufacturer’s instructions. The cDNA synthesized was used as a template for the gene 
expression analysis in a Real-Time PCR system with the gene-specific primers (Supplementary Table 1) using SYBR Green Supermix 
(Applied Biosystems, USA) as per the manufacturer’s instructions. 

The actin gene-specific primers were used as an internal amplification control where the proportional threshold (Ct) values were 
normalized to actin gene for analyzing the comparative expression. 

The RT-PCR (reverse transcriptase PCR) reactions were also performed in a thermal cycler (Bio-Rad, USA) in a 25 μL reaction 
mixture using the cDNA (1.0 μL) added with 10 pmol of each primer and 0.3 U of Taq-DNA polymerase (Invitrogen, USA) following 
standard protocol. Reaction products were separated on 1.2% agarose gel stained with ethidium bromide and visualized under UV light 
(VlLBER BIO-PRINT UV). 

2.6. Estimation of lipoxygenase (LOX) enzyme activity 

The Lipoxygenase enzyme activities were quantified from collected stolon and tuber tissues growing under In-vitro following the 
procedure as reported (Gökmen et al., 2002) Total protein extraction and quantification were done using the standard protocol 
(Bradford, 1976). The LOX enzyme assay was performed using a substrate solution prepared by mixing 2.0 mL of potassium phosphate 
buffer (0.1 M; pH 6.0), 2.0 μL of Tween-20 and 2.0 μL of pure linoleic acid (Sigma, USA). A gentle stream of air passed through the 
solution for aeration, and the reaction was initiated by adding 100 μL of crude protein extract to the solution. The blank reaction 
consisted of a substrate solution (2.0 mL) added with distilled water (100 μL). The enzyme activity was estimated using spectro
photometric monitoring for the synthesis of hydroperoxide due to the presence of a conjugated hydroperoxydiene moiety. One unit of 
LOX activity was defined as an increase in absorbance of 0.001 at 234 nm min-1 mg-1 of protein under assay conditions. 
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2.7. Statistical analysis 

The data were analyzed with the one-way analysis of variance (ANOVA) using SPSS software (version Statistics V26, Windows XP). 
Tukey’s t-test at P < 0.05 was used for multiple comparisons of mean. 

3. Results and discussion 

3.1. Green synthesis of the Fe3O4 and MnO2 NPs 

A consistent and eco-friendly method for the synthesis of NPs is of the utmost importance to expand their applications in agriculture 
fields (Singh et al., 2018; Saratale et al., 2018). The study focused on synthesis of Fe3O4 and MnO2NPs using BLAE. As shown in 
(Supplementary Fig. 1), the colour of the Fe3+/Fe2+ and BLAE solutions changed rapidly from light yellow to dark brown, indicating 
the completion of reduction reaction and synthesis of iron oxide NPs (Supplementary Fig. 1 A). Similarly, the time course of reducing 
the KMnO4 and the synthesis of the MnO2 NP using the BLAE was monitored by the change in colour from purple to yellow-brown and 
finally to black that indicated the reduction reaction well synthesis of manganese oxide NPs (Supplementary Fig. 1 B). 

The spectrophotometric absorbance of BLAE showed a peak at 220 nm, and a slight shift to 260 nm indicated the presence of 
phenolic compounds in the aqueous extract, which induced the reduction of parent material resulting in the genesis of metal oxide NPs. 
The absorbance peak at 270 and 280 nm confirmed the presence of Fe3O4 and MnO2 NPs, respectively (Supplementary Fig. 1 C). The 
BLAE have been reported to contain several bioactive components, including the betalains (betanin and isobetanin), phenolic amides 
as well as flavonoids (betagarin, betavulgarin, cochliophilin A) with active organic groups such as hydroxyl, ketones, and aldehydes 
(Chhikara et al., 2019). These phyto-constituents promoted the reduction reactions to develop stable iron oxide NPs via capping action. 
Initially, the Fe(III)/Fe(II) hydrolyzed to form iron hydroxide and releases H+ ions; after that, iron hydroxide was partially reduced by 
BLAE to form Fe3O4 NPs aldehyde groups are oxidized to the corresponding acids. 

Similarly, the MnO2 NP was also synthesized using the BLAE. A possible explanation for this may be that the phytochemicals 
present in the BLAE acted as reducing and stabilizing agents. Manganese is a paramagnetic metal that oxidizes quickly, resulting in the 
highly agglomerated particles reducing its further bioactivity. The permanent black colour’s appearance also indicated the completion 
of reduction reaction and synthesis of stabilized MnO2 NPs due to the presence of the plant-based capping agent. Green synthesized 
inorganic metallic nanoparticles have emerged as promising material due to their higher stability and lower toxicity for eukaryotic 
cells as compared to organic material. Therefore, green synthesized metal oxide NPs were considered for the study. Metal oxide NPs 
has been used as skincare commodities, antibacterial agents, biomedical, food-additive industries, and agriculture application (Khan 
et al., 2017, 2020; Singh et al., 2018; Rizwan et al., 2019; Liu et al., 2020; Nazri and Sapawe, 2020; Umavathi et al., 2021). The 
proposed green synthesis method of metal oxide NPs was not reported earlier and found to be effective and highly reproducible. 

3.2. Characterization of metal oxide NPs 

3.2.1. FTIR and XRD analysis 
The FTIR spectra of leaf extract and Fe and Mn oxide NPs were recorded to find out the biochemical moieties involved in the 

synthesis of metal oxide NPs. The FTIR spectra of BLAE and NPs are represented in Fig. 1 A-C. The presence of betanidine and its 
phenolic functional groups in BLAE and NPs were depicted in the spectra. The absorption bands at 3500 cm-1 indicated the presence of 
the phenolic-OH group. Similarly, absorption bands at 2700 cm-1, 2610 cm-1, 1755 cm-1, and 1170 cm1 peak represented C–H, CHO, 
O–H, and C–O groups. Peaks at 1521 cm-1 and 1347 cm-1 also confirmed the presence of N–O and N–H groups. The appearance of 

Fig. 1. FTIR spectra of Beetroot leaf extract and metal oxide NPs. (A) Beetroot leaf aqueous extract, (B) MnO2 NPs and (C) Fe3O4 NPs.  

N. Joshi et al.                                                                                                                                                                                                           



Biocatalysis and Agricultural Biotechnology 39 (2022) 102258

5

absorption bands in the FTIR spectra at 575 cm-1 may be due to the formation of Fe–O bonds and at 515 cm-1 correspond to the Mn–O 
bond, which confirmed the synthesis of metal oxide NPs via reduction of BLAE (Mourdikoudis et al., 2018; Souri et al., 2018). Besides, 
the disappearance of C––O, C–N groups in the BLAE indicated that these groups were involved in reducing metal oxide NPs. The intense 
–OH group peak in the IR spectra of the NPs showed that the hydroxyl groups moieties such as betalains, betanidin, and betanin acted 
as a stabilizing agent during the synthesis of the NPs. 

The XRD patterns of green synthesized Fe and Mn oxide NPs are represented as Fig. 2 A and B. The evident peaks of Fe3O4 and MnO2 
oxide NPs correspond to an orthorhombic and tetragonal structure. The intense XRD peak of Fe3O4NPs observed at 31.9O, 33.4O, 
35.5O, 38.5O and 47.5O correspond to 100, 023,102, 040, and 132 defined the NPs Bragg’s refection according to JCPDS card file 
89–6466. The XRD peak of MnO2 NPs at 20.5O, 26.2O, 28.5O, and 35.5O correspond to 200, 220, 002 and 312 defined NPs Bragg’s 
refection according to JCPDS card file-02-0567. The banding of the Bragg’s peaks indicated the successful synthesis and crystalline 
nature of metal oxide NPs. 

3.2.2. Electron microscopy and elemental content analysis 
The shape and size of metal oxide NPs were confirmed by electron microscopy. The SEM images clearly showed nano-size (around 

20–56 nm for Fe3O4 NPs and 9–30 nm for MnO2 NPs) (Fig. 3 A and B). Besides, the TEM image analysis also demonstrated the spherical 
shape and nano in structure (average particles size was around 10.6 ± 2.24 for Fe3O4 NPs and 6.3 ± 1.17 for MnO2 NPs) with a small 
degree of agglomeration (Fig. 3 C and D). 

The Energy Dispersive Spectroscopic (EDS) method was used to determine the elemental composition and stoichiometry of both 
kinds of green synthesized metal oxide NPs. The spectral signals of iron, manganese and oxygen from the Fe3O4 and MnO2 NPs were 
detected. Peak around 0.5 KeV, 6.0 KeV and 6.5 KeV correspond to the bonding energy of oxygen, manganese, and iron, respectively. 
Other signals with varied energy may be arising from the bioactive molecules of the BLAE. The weight percentage (W%) of elements 
present in the metal oxide NPs as shown in the figure along with EDS data of corresponding NPs (Fig. 3 E and F). 

3.3. Effect of metal oxide NPs on in-vitro tuberization of potato 

The supplementation of green synthesized Fe or Mn oxide NPs in MS medium devoid of its original Fe and Mn salt resulted in early 
stolons formation and subsequent tuber induction on the nodal explants within 5–8 days of culture. Delayed In-vitro tuber induction 
was observed (within 12–14 days) in the case of the untreated control explants (MS media without NPs). The addition of Fe3O4 NPs in 
the medium at 4.0 ppm concentrations resulted in tuber induction within 7–8 days; while the supplementing MnO2 NPs at 1.0 ppm 
resulted in early tuber induction within 5–6 days (Supplementary Fig. 2). Thus, the period of tuber induction reduced to 5–8 days with 
the NPs treated plant tissues with respect to control explants. We could observe delayed and deformed or no tubers induction on the 
stolons in the MS medium supplemented with 1.0 ppm Ag NPs concentrations due to its cytotoxic effect on the tissues. Thus, adding 
either metal oxide NPs in the MS medium resulted in comparatively early tuber induction, increased tuber size, average tuber weight, 
and yield. Interestingly, supplementation of MnO2 NPs to the MS medium performed better in early tuber induction and overall tuber 
yield (Table 1). 

Nanomaterials have been reported to influence key life events of the plants, including seed germination, seedling vigour, root 
initiation, growth and development, photosynthesis, and flowering via a mechanism of altering the gene expression involved in cell 
biosynthesis, cell organization, electron transport pathways and stress responses (Acharya and Pal, 2020; Marslin et al., 2017; Fouad 
and Hafez, 2018; Mozafari et al., 2018a, b; Zhao et al., 2020; Fatima et al., 2021; Liu et al., 2020). It has been reported that addition of 
Co NPs in tuber inducing medium enhanced the microtuberization of potato (Hamza, 2019). The green synthesized Fe, and Mn oxide 
NPs have shown the positive impact on maize seedling germination, root development, and fresh weight, it has been used as an 
efficient nanofertilizer for crops growth (de França Bettencourt et al., 2020). Induction of In-vitro potato tuberization by the NPs in this 
study might be due to its elicitor action and interaction with various cellular factors triggering the hypersensitive responses of various 

Fig. 2. X-ray diffraction patterns of metal oxide NPs (A) Fe3O4 NPs and (B) MnO2 NPs.  
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metabolic pathways. It has already been hypothesized in cellular studies that the NPs interfere with cell metabolism through the 
binding with Ca+2 receptors, calcium ion channels, Ca+2/Na+ pumps resulting in alteration of intracellular Ca+2, and functional 
modulation of various calcium-dependent protein kinases (Rastogi et al., 2017; Marslin et al., 2017; Mirzajani et al., 2014).The 
addition of calcium under the In-vitro and In-vivo conditions induces the plant morphological characteristics, including the tuber 
induction and yield, which emphasized that the calcium ions play an important role in the tuberization pathway regulation (Upad
hyaya et al., 2016; Seifu and Deneke, 2017). Elemental data analysis of the NPs treated tubers indicated enhanced Ca2+ ions content 
(Fig. 5 and Supplementary Fig. 4). Therefore, it indicated that the addition of metal oxide NPs in the medium absorbed by the plant 
tissues, which might alter the cytosolic Ca+2 concentrations that positively induced the calcium signalling pathway genes regulating 
the tuber formation resulting in enhanced potato tuberization. 

3.4. Evaluation of NPs uptake by plant tissue 

The FTIR, and SEM equipped with EDX analysis of the treated and untreated microtuber samples were done for comparative 
quantification of absorbed and accumulated metal oxide NPs by plants. The untreated tuber sample exhibited the FTIR spectral peak 

Fig. 3. Electron microscopy image and EDS analysis of metal oxide NPs. (A) SEM image of Fe3O4 NPs (B) SEM image of MnO2 NPs (C) TEM image of Fe3O4 NPs (D) 
TEM image of MnO2 NPs (E) EDS analysis of Fe3O4 NPs (F) EDS analysis of MnO2 NPs. 

Table 1 
Influence of application of different NPs in MS medium on In-vitro tuberization. of potato.  

Treatments Control Fe3O4 NPs MnO2 NPs Ag NPs Cacl2 

Concentration 0.0 ppm 1.0 ppm 2.0 
ppm 

4.0 
ppm 

6.0 
ppm 

0.5 
ppm 

1.0 ppm 1.5 ppm 2.0 ppm 1.0 
ppm 

9 mM 

No. of Nodal explants 150 150 150 150 150 150 150 150 150 150 150 
No. of stolon induced 

on nodal tissues 
118 ±
4.5c 

116 ±
5.5c 

125 ±
4.2 ab 

130 ± 
5.5 a 

82 ±
2.5d 

122 ±
5.5c 

139 ± 
4.2a 

118 ±
5.5b 

110 ±
2.5cd 

42 ±
2.2e 

144 ± 
2.2a 

No. of stolon 
inducing tubers 

88 ±
3.5c 

92 ± 2.2c 107 ±
3.6b 

116 ± 
4.5a 

75 ±
1.5c 

96 ±
3.6c 

128 ± 
4.5a 

96 ±
5.5b 

72 ± 4.2 
cd 

14 ±
1.5e 

134 ± 
4.2a 

Days to tuber 
initiation 

12-14c 10–12bc 9–10b 7-8a 11-13c 8-10c 5-6a 5-7 ab 9–11cd 18-20e 4-5a 

Av. tuber size (mm) 2.50 ±
0.01c 

4.40 ±
0.04c 

5.51 ±
0.10b 

6.12 ± 
0.10a 

5.1 ±
0.04 ab 

4.55 ±
0.11c 

7.16 ± 
0.10a 

5.55 ±
0.11b 

3.15 ±
0.12cd 

2.20 ±
0.11e 

8.24 ± 
0.22a 

Av. tuber wt. (g) 0.36 ±
0.02c 

0.42 ±
0.04c 

0.60 ±
0.02b 

0.75 ± 
0.04a 

0.31 ±
0.02d 

0.52 ±
0.10c 

0.82 ± 
0.10a 

0.682 ±
0.12b 

0.42 ±
0.30cd 

0.29 ±
0.02e 

0.99 ± 
0.12a 

Av. Tuber yield (g) 24.2 ±
0.36d 

57.2 ±
0.14c 

77.2 ±
0.16b 

85.2 ± 
0.16a 

36.2 ±
0.16d 

68.2 ±
0.22c 

102.5 ± 
0.20a 

75.2 ±
0.22b 

47.2 ±
0.21cd 

11.2 ±
0.16e 

110 ± 
4.2a 

Basal medium: MS medium (without Fe and Mn salt + respective metal oxide NPs). The values are presented as the mean ± SE of three replicates. Number of explants 
inoculated per treatment: 50; Average tuber yield was calculated per treatment containing 50 explants. Different letters in the table indicate that mean values are 
significant between control and NPs treated plants (p < 0.05) after Duncan’s multiple range tests. 
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ranging from 3000 cm-1 to 4000 cm-1 representing the O–H and N–H groups; the spectra peak at 2354 cm-1 exhibited O––C––O 
stretching; the peak at 1700 cm-1 to 1200 cm-1 attributed to C––O stretch and 1100 to 500 cm-1 in the fingerprinting region owing to the 
starch (Basiak et al., 2018). These sections were visualized in the FTIR spectra of all the NPs treated and untreated tuber samples. 
However, the tubers treated with Fe and Mn oxide NPs showed the instance peak at 2357 cm-1 and 580 cm-1, respectively (Fig. 4 B and 
C), absent in the untreated tubers samples (Fig. 4 A). This data represented the internalization of NPs in the tuber tissues. 

The SEM images and their corresponding EDX spectral data of NPs treated tuber samples are represented in Fig. 5. In addition, 
Supplementary Fig. 4 represented EDX elemental mapping of corresponding elements (Fe, Mn, and Ca) presence in the In-vitro grown 
micro-tubers. The SEM image and the EDX elemental analysis of NPs treated tuber tissues showed a slightly higher content of Fe and 
Mn element within the In-vitro grown micro-tubers (Fig. 5 B and C, Supplementary Fig. 4), while lower metal content was observed in 
the untreated tissues (Fig. 5 A, and Supplementary Fig. 4). 

The mapping data also indicated enhanced Ca+2 ions content in the NPs treated tuber samples compared to the untreated tuber 
samples (Fig. 5 and Supplementary Fig. 4). This data also corroborated with the enhanced gene expression of the calcium signalling 
pathway genes (St CaM1, St CDPK) and the tuber inducing St LOX genes in the plant tissues, thus triggering enhanced tuber induction. 

This study utilized sample non-quantification techniques such as FTIR and SEM- EDX mapping for the comparative study of 
accumulated metal oxide NPs. (Jeyasubramanian et al., 2016; Shankramma et al., 2016; Palchoudhury et al., 2018; Yan and Chen, 
2018; Boutchuen et al., 2019). 

The FTIR and SEM-EDX mapping data of NPs treated tuber tissue samples confirmed the plant’s absorbance and transport of the 
Fe3O4 and MnO2 NPs. Similarly, The FTIR characterization method has been used to analyze FeO NPs transport in the legume plants, 
and quantification of iron oxide NPs has been done by the SEM-EDX analysis in tomato root, respectively (Boutchuen et al., 2019; 
Shankramma et al., 2016). 

3.5. Expression analysis of the signalling pathways genes involved in tuberization 

To investigate the possible mechanism of NPs induced In-vitro tuberization in potato, the quantitative Real-time PCR (q-PCR) 
expression analyses were done with the Ca2+ dependent tuberization specific signalling pathways genes, the St CaM1 and St CDPK in 
particular, as well as the St LOX gene. The q-PCR analysis showed an enhanced transcript of the St CaM1, St CDPK and St LOX genes in 
stoloniferous shoot growing on MS medium with Fe3O4 NPs (4.0 ppm), MnO2 NPs (1.0 ppm) and CaCl2 (9.0 ppm) (Fig. 6 A). However, 
their expressions showed a decreasing pattern in initial and developed tubers (Fig. 6 B). These results were further corroborated by 
qualitative reverse transcriptase PCR (RT-PCR) analysis which also exhibited enhanced transcript of the above genes in the stolon. The 
transcript expressions of gene were comparatively higher in stoloniferous shoot growing in the presence of the metal oxide NPs and 
CaCl2 than the nodal explants kept for tuberization on the MS medium without the NPs (Fig. 6 C). 

Increased tuber growth and yield with the supplementation of either of the NPs in the MS medium could also be attributed to 
phosphorylation of tuberization specific genes leading to enhanced expression of the Ca2+ dependent genes, the StCaM1 and StCDPK. 

Activation of the gene expression is primarily carried out by a signalling network that triggers the molecular machinery for a 
particular developmental pathway. Cytosolic Ca+2 acts as a second messenger and play an important role in signalling responses to 
various pathways. Perception of the stimulus (physical/environmental) causes mobilization of Ca+2 from its storage sites to cytosol 
through Ca+2 channels leading to an elevation in cytosolic Ca+2 concentration. Increase in the cytosolic Ca+2 sensed by Ca+2-binding 
proteins which initiate downstream events leading to changes in gene expression and, therefore, modifying the plant developmental 

Fig. 4. FTIR spectra of initial tubers tissues in the region 500- 4000 cm-1. (A) FTIR spectra of untreated tuber (B) FTIR spectra of Fe3O4 NPs treated tuber. (C) FTIR 
spectra of MnO2 NPs treated tuber. 
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phenomenon (Marslin et al., 2017; Bagur and Hajnóczky, 2017; Rastogi et al., 2017 Upadhyaya et al., 2016; Ahmad et al., 2018). It has 
also been reported that the St CDPK may act as a stimulus-response coupler in calcium-regulated processes during tuberization in 
potato (Upadhyaya et al.,2013, 2016). A Schematic representation describing the possible mechanisms involved in 
nanoparticles-mediated modulation of potato tuberization pathway is shown in Fig. 7. 

3.6. Estimation of lipoxygenase (LOX) activity 

An enhanced lipoxygenase (LOX) enzyme activity was observed in the stolons and initial tubers tissues as evident in the enzyme 
assay (Fig. 8 A and B). The enhanced activity of LOX enzyme is recognized during the potato tuberization (Nam et al., 2005). The LOX 
enzyme catalyzes lipid peroxidation using the membrane lipid constituents, particularly the polyunsaturated fatty acids such as 
linolenic acids, which results in the biosynthesis of Jasmonic acid (JA), which is further spontaneously metabolized to tuberonic acid 
(TA), and tuberonic-acid-glucoside (TAG) with stronger tuber-inducing activities (Koda, 1997; Vincenti et al., 2019). Therefore, early 
tuber induction increased tuber size and yield in this study could be credited to the higher synthesis of LOX derived metabolites playing 
a central role in tuberization. In addition, it has been reported that the increase LOX activity also depends upon the gene expression of 
calcium-dependent proteins such as StCDPK and StCaM1 (Kolomiets et al., 2001; Upadhyaya et al., 2013, 2016). The increased 
expression of LOX genes in the study also corroborated with the increased LOX activity that triggered tuber formation at the stolon. 

4. Conclusion 

Metal oxide NPs have been successfully synthesized by ecofriendly, cost effective method. Supplementation of the green synthe
sized Fe and Mn oxide NPs in the tuberization medium efficiently absorbed by the potato nodal tissues and played an essential role of 
elicitor, thus induced early tuber formation, tuber size and overall yield per explants. Molecular and biochemical analysis revealed 
enhanced expression of main calcium-dependent tuberization specific genes, controlling in-plant tuber formation via a series of 
complex metabolic processes. This is due to nanosize, large surface area to volume ratio, and bioactive moieties on biogenic metal 
oxide NPs. The above results concluded that applying the metal oxide NPs as nano-nutrient at optimum concentrations played an 
important role in augmenting enhanced potato micro-tuber yield. Biogenic metal oxide NPs could be a better source for agriculture 
application as nanofertilizer. 

Fig. 5. SEM image and corresponding EDS of In-vitro grown potato tubers upon the treatment with Fe and Mn oxide NPs (A) Untreated control (B)Tubers sample 
treated with Fe3O4 NPs and (C) MnO2 NPs. 
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Fig. 6. Expression analysis of CaM1, StCDPKand LOX genes in stolons and initial tuber tissues of potato during tuber development. (A)PCR expression analysis of the 
various gene expressions in the initial tuber tissues. (B)q-PCR expression analysis of the various gene expressions in the developed tuber tissues. (C)Semi-quantitative 
RT-PCR expression level of LOX, Cam1, and stCDPK, genes in initial tuber tissue of potato during tuberization. Actin gene was taken as control internal gene expression 
Lane in the Gel, Control-without NPs; Fe3O4 NPs- 4.0 ppm; MnO2 NPs- 1.0 ppm; CaCl2- 9 mM. Real Time q-PCR data were analyzed by comparative ΔΔ CT method. 
Experiments was performed in triplicate and values shown are means ± SD of each treatment. Significant changes are marked with asterisk: * p-value < 0.05, ** p- 
value <0.01, and *** p-value <0.001. 

Fig. 7. A possible mechanism involved in nanoparticles interaction with plant and modulation of potato tuberization pathways. Abbreviations: CaM, Calmodulin; 
stCDPKs/CPKs, Calcium Dependent Protein Kinases; MAPK, Mitogen Activated Protein, Kinase; TF, Transcription Factor; ROS, Reactive Oxygen Species; ER, Endo
plasmic Reticulum; CW, Cell Wall; PM, Plasma Membrane. 
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