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Abstract Pre-sowing seed treatment with nanoparticles

has a promising role towards the improvement of seed

germination and seedling growth. In the present study,

silver nanoparticles (AgNPs) were synthesized from silver

nitrate (AgNO3) through green route using aqueous extract

of Parthenium hysterophorus L. roots. The synthesized

nanoparticles were characterized using various analytical

instruments such as UV–Vis spectrophotometer, TEM,

SEM, EDX, XRD, and FTIR. Further, the impacts of

AgNPs, AgNO3, and plant extract on germination, seedling

growth, activity of hydrolytic enzymes, and ROS genera-

tion of three pulses (Cicer arietinum L., Pisum sativum L.,

and Vigna radiata L.) were investigated. Characterization

of nanoparticles revealed that the green synthesized AgNPs

were mostly spherical with an average size of 11–20 nm

and crystallinity was 71.3%. The growth experiment

revealed that seed germination and seedling growth were

increased under AgNPs (10 and 50 mg/L) and AgNO3

(10 mg/L) treatments as compared to control for three

tested pulses. Results also demonstrated the increased

hydrolytic enzyme activities during early seedling estab-

lishment of three pulses under nanoparticle treatments.

Meanwhile, dose dependent increase in ROS production

was recorded under both AgNPs and AgNO3 treatments

and it was always higher in AgNO3 as compared to AgNPs

treatments. However, the growth inhibition at higher con-

centrations of both AgNPs and AgNO3 treatments sug-

gested that the ROS generation at an optimum level might

play an important role towards the enhancement of seed

germination. Therefore, AgNPs mediated alteration of the

activity of hydrolytic enzymes and generation of ROS

might regulate early seedling establishment.
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1 Introduction

Nanotechnology is an emerging field with wide application

in agriculture. The use of nanoparticles in plant growth and

productivity is relatively a recent practice and it has the

potential to revolutionize agriculture (Guha et al. 2021;

Tymoszuk 2021). Since the past decade, a number of

nanomaterial-based formulations, such as nanofertilizers,

nanopesticides, nanofungicides, and nanosensors have been

developed to improve plant growth, protection, and crop

productivity (Mahakham et al. 2016). However, several

research showed that nanomaterials exhibit a complex

interaction and show both positive and negative impact on

plants which mainly depends on various factors, such as

physicochemical properties of nanoparticles, method of

application, concentration of nanoparticles exposure and

most important one is the nature of the test organism

(Pérez-de-Luque 2017). Nanoparticles of various metals

and metal oxides such as silver, gold, iron, zinc, and alu-

minium have been used for improved germination, seedling

growth, and productivity in various crop plants (Guha et al.

2021; Rai-Kalal and Jajoo 2021; Almutairi and Alharbi

2015; Janmohammadi and Sabaghnia 2015). In addition,

nanoparticles mediated tolerance against several abiotic

stresses such as salinity, chilled and heat stress in plants

was also demonstrated by earlier researchers (Khan et al.

2023; Alabdallah and Hasan 2021). However, several

adverse effects of nanoparticles including AgNPs such as

genotoxicity (Debnath et al. 2020), harmful changes at

physiological and biochemical levels on plants have been

reported in the literature (Prazak et al. 2020). Among

various nanoparticles, AgNPs is the most commonly used

one and has tremendous applications in various fields such

as biomedical, industry, personal care products, including

agriculture and it covers about 25% of total nanoproducts

(Tymoszuk 2021). The well-documented antimicrobial

property of AgNPs promotes its application in agriculture

for crop protection (Prazak et al. 2020). Apart from this,

researchers also highlighted the positive impact of AgNPs

on germination and growth in a variety of crops such as

mung beans (Basheerudeen et al. 2021), onion (Acharya

et al. 2019), oat, and radish (Tomacheski et al. 2017)

maize, watermelon, zucchini (Almutairi and Alharbi 2015)

and so on.

Traditional agricultural practices require rapid and uni-

form seed germination as well as seedling growth for the

successful establishment of crop plants. The germination

process starts with the uptake of water by dry seed and

subsequent emergence of radicle due to the growth of the

embryonic axis, as a consequence the development of root

and shoot in later establish successful seedling (Tymoszuk

2021). This involves a variety of physio-biochemical

responses including complex enzymatic actions. The

hydrolytic enzymes breakdown the reserve food present in

the seed and provide energy for seed germination and

seedling establishment (Botcha and Prattipati 2020;
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Laware and Raskar 2014). In agriculture, nanoparticles are

used as biological stimulants due to their several advan-

tages over traditional materials: they do not readily break

up by light and/or heat, can easily enter through the bio-

logical membrane, and can be absorbed fully by plants

(Chau et al. 2019). Since past, several strategies have been

adopted to improve crop performance and one such method

is pre-sowing seed treatment (Rai-Kalal and Jajoo 2021).

Pre-sowing seed treatments are well-known agricultural

practices to improve seed performance. It helps to initiate

early seed metabolism, like DNA, RNA, and protein syn-

thesis which help in early initiation of seed emergence

(Bhardwaj et al. 2012). Pre-sowing seed treatment with

nanomaterials showed improvement in seed germination

and seedling growth in different crops (Guha et al. 2021;

Acharya et al. 2019). Improved germination and subse-

quently seedling growth are chiefly attributed to higher

activities of hydrolytic enzymes and increased generation

of ROS (Oracz and Karpinski 2016). Generation of

oxidative stress and subsequently free radicles mediated

polymer breakdown and upregulation of hydrolytic enzyme

activity and loosening of cell wall leads to cell expansion

and seedling growth (Song and He 2021). Enhanced

amylase activity provides more soluble sugar to support

rapid germination and seedling growth in nanoprimed

seeds (Xu et al. 2021). However, comprehensive studies on

the effects of nanoparticles at physiological and biochem-

ical levels during early seedling establishment have not

been elucidated and the mechanisms behind the nanopar-

ticles induced enhancement of seed germination remained

to be addressed.

Pulses are the major source of dietary proteins, includ-

ing other nutrients, and play a major role in the diets of

many developing countries (Stefano et al. 2019). Among

different pulses, such as chickpeas, lentils, beans, peas, and

vetch are the major cultivated crops. These crops are rel-

evant to promote sustainable agricultural practices due to

their ability to fix the atmospheric nitrogen through nodule

formation and thus low requirement of fertilizers (Avezum

et al. 2022). So, in the present study, three pulses (Cicer

arietinum L., Pisum sativum L., and Vigna radiata L.) were

selected to evaluate the effect of pre-sowing seed treatment

with phytosynthesized AgNPs on their germination and

seedling growth. Further, the status of hydrolytic enzymes

and generation of ROS were also studied to analyse the

probable role of AgNPs towards enhanced seed germina-

tion and early seedling establishment.

2 Materials and methods

2.1 Synthesis and characterization of silver

nanoparticles

To synthesize of AgNPs, 90 mL of 0.1 M AgNO3 salt

solution was mixed with 10 mL of aqueous extract (1:10,

w/v) of roots of Parthenium hysterophorus L. and kept in the

dark at room temperature for 24 h. Further, the bioreduction

of silver ions into silver nanoparticles in the mixture was

determined by UV–Vis spectrophotometer (Optizen Pop) by

using a wavelength range of 320–500 nm. The size and

morphology of nanoparticles were determined by transmis-

sion electron microscopy (TEM) (JEOL JEM 1400 plus).

The surface morphology and elemental analysis of synthe-

sized nanoparticles were determined by field emission

scanning electron microscopy (FESEM) and energy disper-

sive X-ray (EDX) (Zeiss Sigma 300) analysis, respectively.

The X-ray diffraction (XRD) (Bruker D8) determined the

crystalline nature, average crystallite size, and crystallinity

percentage of the particles according to Mondal et al. (2022).

The surface functional groups of synthesized nanoparticles

were determined by Fourier transform infrared spectroscopy

(FTIR) (Agilent 650).

2.2 Plant growth condition and seed treatment

Seeds of three different pulses such as chickpea (Cicer

arietinum L.), pea (Pisum sativum L.), and mung bean

(Vigna radiata L.) were collected from Crop Research and

Seed Multiplication Farm, The University of Burdwan,

West Bengal, India. Healthy seeds were surface sterilized

and imbibed in different concentrations (0, 10, 50, and

100 mg/L) of AgNPs, AgNO3, and Parthenium root extract

for 12 h. Then seeds were washed with distilled water and

placed on separate petri plates containing moist filter paper

(Whatman no.1) with distilled water in triplicates. All petri

plates were kept in the dark for germination at 25 ± 2 �C.

After germination, seedlings were grown under an average

14 h photoperiod with 200 lM/m2/s light intensity at

25 ± 2 �C in a growth chamber.

2.3 Germination and growth measurement

The seeds were allowed to germinate and grown for

10 days with distilled water. The germination percentage

(GP), mean germination time (MGT), and seedling vigour

indices (VI) were calculated following Feizi et al. (2013).
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The root and shoot length, fresh and dry biomass of

seedlings were measured after ten days following Rai-

Kalal and Jajoo (2021).

2.4 Measurement of photosynthetic pigments,

soluble sugar, and protein content

The photosynthetic pigments content was measured from

ten days old seedlings. The photosynthetic pigments, such

as chlorophyll (chlorophyll a and chlorophyll b) and car-

otenoid contents were calculated by the method of

MaClachlan and Zalik (1963). The soluble sugar of seed-

lings was determined by the Anthrone method (McCready

et al. 1950) and protein content was determined by the

method described by Lowry et al. (1951).

2.5 Estimation of hydrolytic enzymes activity

The activity of amylase and protease were measured after

imbibition and then periodically after 24 h, for three days

from germinating seeds, and after seven and ten days from

seedlings. The amylase activity was measured by the

method described by Laware and Raskar (2014) with minor

modifications. Briefly, 0.2 g of sample was homogenized

in 1 mL of 0.1 M sodium acetate buffer, pH 4.8 in a pre-

chilled mortar and pestle. The homogenate was then cen-

trifuged at 10,000 rpm at 4 �C for 10 min and the

supernatant was used as the source of enzyme. Then the

reaction mixture contained 2 mL of acetate buffer, 0.5 mL

of 1% starch, and 0.5 mL of enzyme extract was set for

10 min at 37 �C. After 10 min of incubation, 2 mL of DNS

reagent was added and boiled for 10 min, and red colour

was measured at 510 nm. The enzyme activity was esti-

mated by a standard curve using maltose and enzyme

activity was expressed as mg of maltose released per min

per gram fresh tissue.

Similarly, the protease activity was measured by the

method described by Laware and Raskar (2014) with minor

modifications. In brief, 0.2 g of sample was homogenized

in 2 mL of 10 mM sodium acetate buffer, pH 7.5 in a

prechilled mortar and pestle. The homogenate was then

centrifuged at 10,000 rpm at 4 �C for 10 min and the

supernatant was used as the source of enzyme. The

supernatant (1 mL) was added to 5 mL of 0.65% casein

and incubated for 10 min at 37 �C. Then 5 mL of 5%

H2SO4 was added to the reaction mixture and set for

30 min at 37 �C. Centrifuge the reaction mixture at

10,000 rpm for 10 min. The supernatant (2 mL) was mixed

with 5 mL of 5% Na2CO3 and 1 mL of 0.5 N Folin-phenol

and kept for 30 min in the dark. The blue colour developed

was recorded at 660 nm. The enzyme activity was mea-

sured by a standard curve using L-tyrosine and enzyme

activity was expressed as mg of tyrosine released per min

per gram fresh tissue.

2.6 Analysis and histochemical localization of ROS

Superoxide radical (O2�-) was estimated from germinating

seeds after 48 h following the method described by Wu and

Tiedemann (2002) with minor modifications. In brief,

radicles (0.5 g) were homogenized with 1.8 mL of 50 mM

phosphate buffer (pH 7.5) and 0.2 mL of 10 mM hydrox-

ylammonium chloride and set for 30 min at room tem-

perature. The homogenate was then centrifuged at

10,000 rpm for 10 min and keep the supernatant. Then add

0.5 mL of 17 mM sulphanilamide (in 30% acetic acid) and

0.5 mL of 7 mM naphthalene diamine dihydrochloride to

0.5 mL of supernatant in order and set for 20 min at room

temperature. The absorbance was recorded at 540 nm and a

calibration curve was made using NaNO2. The concentra-

tion of O2�- was calculated according to 2[NO2
-] = [O2�-]

(mM) from the calibration curve. The histochemical

localization of ROS in radicles of 12 h imbibed seeds was

made following the method of Mahakham et al. (2017) and

photographed through a stereomicroscope (Olympus

SZ51).

2.7 Data analysis

The data of three replicates were analysed statistically by

one-way analysis of variance (ANOVA) and Tukey-HSD

multiple comparisons tests with IBM SPSS Statistics

(Version 26). All the data shown in this study were the

mean of three replicates along with standard deviation

(SD). The statistical significance was made at 5% proba-

bility level.

3 Results and discussion

3.1 Synthesis and characterization of nanoparticles

The colourless mixture of salt solution and root extract

turned yellowish brown upon 24 h incubation, indicating

the synthesis of silver nanoparticles (Mondal et al. 2022).

In the reaction mixture, the silver ions (Ag?) were reduced

to zero valent silver (Ag0) upon acceptance of an electron

from the phytochemicals present in the root extract and

subsequently capping turned the silver ions into silver

nanoparticles (Acharya et al. 2019). The UV–Vis spectra of

synthesized AgNPs from Parthenium root extract with

AgNO3 is shown in Fig. 1a. Results clearly demonstrated

that a sharp peak at 420 nm of AgNPs solution when

evaluated with a wavelength range of 320–500 nm, indi-

cating the formation of silver nanoparticles (Mondal et al.
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2022). However, both AgNO3 and plant extract did not

show any sharp peaks when they were evaluated alone

(Fig. 1a). The TEM analysis of synthesized AgNPs showed

that the particles are mostly spherical in nature and all

particles are freely distributed (Fig. 1b). Figure 1b also

represents the average particle diameter was in a range of

11–20 nm. In another microscopic study, the FESEM of

synthesized AgNPs showed the particles are almost

spherical in shape (Fig. 1c) and the EDX analysis ensured

the presence of silver in the synthesized nanoparticles

(Fig. 1d). However, a few peaks indicated the presence of

gold and other elements in EDX analysis is due to the gold

coating for sample preparation and presence of biomole-

cules as capping agents, respectively (Mondal et al. 2022).

The prominent X-ray diffraction peaks (Fig. 1e) at 2h
values of 28.73�, 40.97�, 50.71�, 67.19�, and 74.23� rep-

resent the crystalline nature of synthesized AgNPs. The

XRD spectra also revealed the average crystallite size of

synthesized nanoparticles was 17.2 nm with crystallinity of

71.3%. Analysis of surface chemistry and possible
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Fig. 1 Characterization of synthesized AgNPs. a UV–visible spectra of synthesized AgNPs, AgNO3, and plant extract, b TEM image and

particle size distribution, c SEM image, d EDX analysis, e XRD pattern and f FTIR spectra of synthesized AgNPs
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functional groups of phytochemicals present in root extract

responsible for the reduction and stabilization of synthe-

sized AgNPs was conducted by FTIR spectra. The FTIR

spectra (Fig. 1f) showed a number of prominent peaks of

which a broad peak at 3122 cm-1 indicated the stretching

of the alcoholic -OH group (Mondal et al. 2022). Other

sharp peaks at 1516, 1398, 1201 and 880 cm-1 correspond

to functional groups of NO2 of nitro compounds, CH3 and

CH2 of alkanes or alkenes, C–O–C of ethers, and P-O of

phosphorous compounds, respectively (Yuen et al. 2005).

The functional groups were derived from the phytochem-

icals present in the root extract, which reduced and stabi-

lized the AgNPs (Acharya et al. 2019). The presence of a

variety of phytochemicals including alkaloids, steroids,

glycosides, phenolic compounds, saponins, flavonoids,

proteins, amino acids, and sugar in the aqueous extract of

the root of Parthenium hysterophorus was also reported in

the literature (Mondal et al. 2014; Rauf et al. 2022).

3.2 Germination performance

The overall impact of AgNPs, AgNO3, and root extract on

the germination of chickpea, pea, and mung bean are

depicted in Fig. 2. From Fig. 2, it is clear that the germi-

nation percentage was increased in nanotreated seeds of

three tested pulses. Germination percentage was signifi-

cantly increased (p\ 0.05) after 24 and 48 h for both pea

and mung bean at 10 and 50 mg/L AgNPs treatments over

control, respectively. Moreover, the highest germination

percentage was recorded at 50 and 10 mg/L AgNPs treat-

ment for pea and mung bean, respectively. A significant

(p\ 0.05) increase in seed germination at lower concen-

tration (10 mg/L) of AgNO3 treatment over control was

also recorded in peas. However, a reduction in seed ger-

mination at higher concentration (100 mg/L) of both

AgNPs and AgNO3 was recorded over control for all three

plant species. However, no significant change in germina-

tion was recorded at different treatments over control for

chickpeas. In addition, mean germination time (MGT) was

also calculated and it was reduced in nanotreated seeds as

compared to control for all tested plant species (Table 1). A

significant (p\ 0.05) reduction (15%) of MGT was

recorded at 50 mg/L of AgNPs treatment in peas as com-

pared to control. Similarly, lower concentration of AgNO3

(10 mg/L) also showed significant (p\ 0.05) reduction in

MGT for peas. Nanoparticles mediated higher water uptake

and upregulation of hydrolytic enzymes could be attributed

to higher seed germination under AgNPs treatments.

Chandrasekaran et al. (2020) also highlighted the upregu-

lation of a-amylase activity and higher starch metabolism

support the rapid seed germination in nanotreated seeds. It

was also suggested that upregulation of the aquaporin gene

and thus faster water uptake also helps in the early initia-

tion of seed metabolism. In the present study, higher seed

germination at lower concentrations of AgNPs treatments

and subsequent inhibition in a dose dependent manner

suggests that the slow release of Ag? ions maintains the

ROS generation below the oxidative window and facilitates

ROS signalling for a prolonged period, which upregulated

the process of seed germination. The oxidative dissolution

of Ag? ions at a slower rate from AgNPs in aqueous

medium was also reported by Dobias and Bernier-Latmani

(2013). Increased germination under lower concentration

(10 mg/L) of silver salt could be due to the Ag? ions

mediated ROS generation, which helps in seed germination

(Basheerudeen et al. 2021). Overall improvement of seed

germination at lower concentration of AgNO3 treatment

over control and subsequent decrease with higher concen-

trations also support the oxidative window hypothesis

(Guha et al. 2021; Xu et al. 2021). Higher seed germination

in rice upon primed with zero valent iron nanoparticles

suggested that nanoparticles mediated intracellular ROS

generation and complex ROS signalling leads to gene

expression, cell wall loosening, cellular growth, and the

subsequent emergence of radicle (Song and He 2021;

Basheerudeen et al. 2021). However, disruption of cellular

metabolism under higher concentration of AgNO3

(100 mg/L) could be a probable reason for increased MGT
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for all tested plant species. Disruption of cellular metabo-

lism could be attributed to increased accumulation of ROS

in presence of AgNO3 (Vishwakarma et al. 2017). A

reduction in GMT in two cultivars of beans upon AgNPs

treatment was also demonstrated by Prazak et al. (2020).

On the other hand, the allelopathic effect of plant extract

might be a reason for the reduction in germination for both

pea and mung bean under plant extract treatments (Rashid

et al. 2008).

3.3 Seedling growth parameters

Root and shoot length of ten days old seedlings showed

variation in different treatments for all three plant species

(Table 1). The highest increase (p\ 0.05) in root length of

Table 1 Effect of different treatments on germination and growth parameters of chickpea, pea and mung bean

Treatment Dose

(mg/L)

MGT (Day) RL (cm/seedling) SL (cm/seedling) FW (g/seedling) DW (g/seedling) VI I VI II

Chickpea

AgNPs 0 1.07 ± 0.05a 9.80 ± 0.24b 8.40 ± 0.45b 0.563 ± 0.025ab 0.050 ± 0.008a 1820 ± 21.6bc 56.27 ± 2.5ab

10 1.02 ± 0.03a 12.20 ± 0.29a 9.47 ± 0.41a 0.649 ± 0.026a 0.057 ± 0.007a 2166.67 ± 64.8a 64.84 ± 2.6a

50 1.02 ± 0a 10.43 ± 0.79b 9.03 ± 0.45ab 0.586 ± 0.019ab 0.046 ± 0.010a 1946.67 ± 106.2ab 58.63 ± 1.9ab

100 1.07 ± 0.00a 10.00 ± 0.54b 7 ± 0.42c 0.536 ± 0.039b 0.045 ± 0.009a 1662.44 ± 80.2c 52.52 ± 5.1b

AgNO3 0 1.07 ± 0.05a 9.80 ± 0.24b 8.40 ± 0.45b 0.563 ± 0.025a 0.050 ± 0.008a 1820 ± 21.6a 56.27 ± 2.5ab

10 1.02 ± 0.03a 9.97 ± 0.65a 8.67 ± 0.34a 0.594 ± 0.007a 0.049 ± 0.007a 1863.33 ± 55.5a 59.44 ± 0.7a

50 1.04 ± 0.03a 7.67 ± 0.57b 7.33 ± 0.50b 0.480 ± 0.013b 0.043 ± 0.009a 1500.00 ± 77.8b 48.01 ± 1.3bc

100 1.11 ± 0.06a 7.87 ± 0.68b 7.27 ± 0.37b 0.463 ± 0.042b 0.045 ± 0.006a 1477.78 ± 11.00b 45.36 ± 5.3c

Extract 0 1.07 ± 0.05a 9.80 ± 0.24a 8.40 ± 0.45a 0.563 ± 0.025a 0.050 ± 0.008a 1820 ± 21.6a 56.27 ± 2.5a

10 1.02 ± 0.03a 9.23 ± 0.45a 8.40 ± 0.61a 0.565 ± 0.020a 0.054 ± 0.008a 1763.33 ± 24.9a 56.46 ± 2a

50 1.04 ± 0.03a 9.43 ± 0.61a 8.50 ± 0.42a 0.583 ± 0.012a 0.051 ± 0.008a 1793.33 ± 84.9a 58.33 ± 1.2a

100 1.07 ± 0.05a 9.37 ± 0.61a 8.57 ± 0.45a 0.583 ± 0.015a 0.052 ± 0.008a 1793.33 ± 41.1a 58.31 ± 1.5a

Pea

AgNPs 0 1.38 ± 0.03a 10.52 ± 0.40b 6.32 ± 0.22b 0.685 ± 0.031b 0.059 ± 0.002b 1383.13 ± 94.2b 56.26 ± 1.6bc

10 1.21 ± 0.07b 11.70 ± 0.41b 7.30 ± 0.28ab 0.718 ± 0.022ab 0.062 ± 0.001b 1646.67 ± 55.2a 62.18 ± 1.9b

50 1.18 ± 0.04b 13.32 ± 0.28a 7.77 ± 0.38a 0.785 ± 0.014a 0.069 ± 0.001a 1874.22 ± 83.9a 69.79 ± 3.6a

100 1.29 ± 0.04ab 10.97 ± 0.67b 5.29 ± 0.36c 0.650 ± 0.022b 0.049 ± 0.002c 1263.69 ± 44.7b 50.46 ± 0.8c

AgNO3 0 1.38 ± 0.03a 10.52 ± 0.40ab 6.32 ± 0.22a 0.685 ± 0.031a 0.059 ± 0.002a 1383.13 ± 94.2a 56.26 ± 1.6a

10 1.19 ± 0.04b 11.69 ± 0.66a 5.82 ± 0.18ab 0.717 ± 0.046a 0.060 ± 0.001a 1440.09 ± 95.03a 58.88 ± 3.7a

50 1.37 ± 0.03a 9.11 ± 0.43bc 5.28 ± 0.19b 0.654 ± 0.026a 0.055 ± 0.002a 1117.64 ± 17b 50.93 ± 4ab

100 1.47 ± 0.02a 8.31 ± 0.45c 5.71 ± 0.26ab 0.622 ± 0.025a 0.046 ± 0.002b 997.56 ± 56b 44.31 ± 3.4b

Extract 0 1.38 ± 0.03a 10.52 ± 0.40a 6.32 ± 0.22a 0.685 ± 0.031a 0.059 ± 0.002a 1383.13 ± 94.2a 56.26 ± 1.6a

10 1.37 ± 0.09a 10.60 ± 0.52a 6.11 ± 0.23a 0.680 ± 0.023a 0.057 ± 0.004a 1301.33 ± 104.4ab 52.85 ± 2.8a

50 1.37 ± 0.03a 9.11 ± 0.56ab 5.09 ± 0.16b 0.674 ± 0.021a 0.056 ± 0.004a 1103.02 ± 33.2bc 52.46 ± 3.1a

100 1.35 ± 0.01a 8.47 ± 0.51b 5.32 ± 0.17b 0.648 ± 0.018a 0.055 ± 0.004a 1040.40 ± 28.1c 48.93 ± 2.5a

Mung bean

AgNPs 0 1.24 ± 0.11a 1.63 ± 0.12ab 5.20 ± 0.08b 0.373 ± 0.010b 0.034 ± 0.001b 685.33 ± 35.9b 30.67 ± 1.4b

10 1.15 ± 0.01a 2.03 ± 0.12a 6.10 ± 0.08a 0.427 ± 0.015a 0.042 ± 0.001a 878.22 ± 45.1a 38.91 ± 2a

50 1.20 ± 0.06a 1.73 ± 0.17a 5.17 ± 0.34bc 0.376 ± 0.022ab 0.035 ± 0.002b 743.78 ± 30.3b 33.49 ± 1b

100 1.14 ± 0.04a 1.27 ± 0.12b 4.50 ± 0.24c 0.366 ± 0.012b 0.031 ± 0.003b 464.67 ± 17.6c 23.56 ± 1.5c

AgNO3 0 1.24 ± 0.11a 1.63 ± 0.12ab 5.20 ± 0.08a 0.373 ± 0.010a 0.034 ± 0.001a 685.33 ± 35.9a 30.67 ± 1.4a

10 1.14 ± 0.04a 1.80 ± 0.16a 4.63 ± 0.25ab 0.386 ± 0.027a 0.033 ± 0.001a 596.44 ± 27.6b 30.07 ± 3a

50 1.29 ± 0.04a 1.30 ± 0.16b 4.17 ± 0.29b 0.311 ± 0.018b 0.030 ± 0.001b 520.89 ± 16b 24.25 ± 2.2ab

100 1.27 ± 0.17a 1.30 ± 0.14b 4.10 ± 0.33b 0.296 ± 0.012b 0.029 ± 0.001b 419.56 ± 18.5c 19.09 ± 1.3b

Extract 0 1.24 ± 0.11a 1.63 ± 0.12a 5.20 ± 0.08a 0.373 ± 0.010a 0.034 ± 0.001a 685.33 ± 35.9a 30.67 ± 1.4a

10 1.08 ± 0a 1.70 ± 0.08a 5.07 ± 0.21a 0.362 ± 0.013a 0.033 ± 0.002a 661.56 ± 56.6ab 29.81 ± 2.1a

50 1.14 ± 0.07a 1.73 ± 0.12a 4.83 ± 0.37a 0.332 ± 0.023a 0.031 ± 0.004a 603.78 ± 36.7ab 26.64 ± 3.6a

100 1.21 ± 0.05a 1.57 ± 0.09a 4.70 ± 0.16a 0.337 ± 0.031a 0.031 ± 0.002a 558.67 ± 13.6b 25.58 ± 3.4a

a,b,cDifferent letters denote statistically significant differences according to the Tukey-HSD multiple comparisons tests (p\ 0.05)

AgNPs—Silver nanoparticles; MGT—Mean germination time; VI I—Vigour index I; VI II—Vigour index II; RL—Root length; SL—Shoot

length; FW—Fresh weight; DW—Dry weight
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about 20% and 24% was recorded for chickpea and mung

bean seedlings at 10 mg/L AgNPs treatment, respectively,

whereas 9.5% (p\ 0.05) for pea at 50 mg/L AgNPs

treatment as compared to control. In addition, a significant

increase (p\ 0.05) in root length at 10 mg/L AgNO3

treatment was also recorded for chickpea over control.

However, significant (p\ 0.05) reduction in root length at

higher concentration (100 mg/L) of both AgNPs and

AgNO3 treatments were recorded for all tested plant spe-

cies. Similarly, significant (p\ 0.05) increase in shoot

length of chickpea (13%) and mung bean (17%) were

recorded at 10 mg/L AgNPs treatment, while 13% increase

in shoot length was recorded at 50 mg/L AgNPs for peas as

compared to control. An increase (p\ 0.05) in shoot

length at 10 mg/L AgNO3 treatment was also recorded in

pea (Table 1). However, shoot length was reduced at higher

concentrations (100 mg/L) of both AgNPs and AgNO3

treatments. A decrease in shoot length of about 20 and 16%

(chickpea), 19 and 11% (pea), and 16 and 27% (mung

bean) were recorded at 100 mg/L AgNPs and AgNO3

treatments, respectively, as compared to control. Moreover,

shoot length was also significantly (p\ 0.05) reduced only

for peas under plant extract at 50 and 100 mg/L treatments.

AgNPs mediated upregulation of growth hormones and

activity of hydrolytic enzymes, resulting in higher avail-

ability of simple sugar support growth promotion in nan-

otreated seedlings (Mahakham et al. 2017). However,

higher concentration of both AgNPs and AgNO3 treatments

generate more oxidative stress and subsequent cell damage

leading to the growth impairment of seedlings (Basheer-

udeen et al. 2021). Moreover, seedling growth in terms of

root and shoot length was improved in plant extract treat-

ments for chickpeas might be nutritional supplementation

from biomolecules present in the plant extract. However,

the decline of seedling growth of pea and mung beans

under Parthenium root extract is probably due to its

allelopathic effect on seedlings (Tefera 2002). Increased

seedling growth upon seed priming with low concentra-

tions (10 and 20 mg/L) of AgNPs was also reported by

Mahakham et al. (2017). Janmohammadi and Sabaghnia

(2015) demonstrated the improvement of shoot length in

sunflowers upon pre-sowing seed treatment with silicon

nanoparticles. Almost similar growth retardation of oat,

lettuce, and radish seedlings upon AgNO3 treatment was

also demonstrated by Tomacheski et al. (2017).

AgNPs treatments also exhibited pronounced effects on

both fresh and dry biomass of seedlings for all tested pulses

as compared to other treatments (Table 1). The highest

increase (p\ 0.05) in fresh biomass of about 15 and 14%

for both pea and mung bean were recorded at 50 and

10 mg/L AgNPs treatments over control, respectively.

However, a significant (p\ 0.05) reduction in fresh bio-

mass was also observed at 50 and 100 mg/L AgNO3

treatment for both chickpea and mung bean as compared to

control. Moreover, no significant effect of plant extract on

fresh biomass was recorded for all tested plant species. In

addition, a stimulatory effect of nanotreatment on the dry

biomass of seedlings was also recorded for all tested plant

species (Table 1). A significant (p\ 0.05) increase in dry

biomass of about 17% (pea) and 24% (mung bean) was

recorded at 50 and 10 mg/L AgNPs treatments as com-

pared to control, respectively. Reduced (p\ 0.05) dry

biomass at higher concentration (100 mg/L) of both AgNPs

and AgNO3 for pea and mung bean was also observed over

control. However, no impact of plant extract on dry bio-

mass was found in three tested plant species. Faster ger-

mination, increased root and shoot length, and improved

photosynthetic pigments in nanotreated seedlings are

responsible for higher accumulation of biomass (Rai-Kalal

and Jajoo 2021). Improved photosynthetic activity in the

presence of metal nanoparticles is chiefly attributed to a

greater accumulation of photosynthates and finally the

accumulation of biomass. Acharya et al. (2019) also

highlighted the role of metal NPs towards the improved

light-harvesting system and enhanced efficiency of chem-

ical energy production in the chloroplast. Very recently, a

stimulatory effect of metal nanoparticles on photosynthetic

apparatus and photosynthetic efficiency was also described

by Kumar et al. (2023). Almost similar impact of AgNPs

on fresh biomass of watermelon, zucchini, and corn was

reported by Almutairi and Alharbi (2015). Pre-sowing seed

treatment with various metal nanoparticles (Zn, Cu, Mn,

and Fe) also showed increased biomass accumulation in

Cyperus esculentus (Honchar et al. 2021). However,

decreased dry weight at higher concentrations of metal

nanoparticles (ZnO nanoparticles) exposure in mung bean

was also reported by Lakshmi et al. (2017).

On the other hand, seedling vigour indices (vigour index

I and vigour index II) which correlated with seedling

growth and biomass are shown in Table 1. The highest

increase in vigour index I of about 19% (at 10 mg/L), 35%

(at 50 mg/L), and 28% (at 10 mg/L) was recorded under

AgNPs treatment for chickpea, pea, and mung bean,

respectively, over control. Higher vigour index I was also

recorded at lower concentration of AgNO3 treatment and it

was significantly (p\ 0.05) higher at 10 mg/L AgNO3

treatment over control for pea. However, the vigour index I

was significantly decreased at higher concentration

(100 mg/L) of both AgNPs and AgNO3 treatments for all

tested plant species. Similarly, vigour index II was also

significantly (p\ 0.05) increased by 15% (at 10 mg/L),

25% (at 50 mg/L), and 30% (at 10 mg/L) under AgNPs

treatment for chickpea, pea, and mung bean, respectively,

over control. However, dose dependent decrease in vigour

index II with higher concentrations of both AgNPs and

AgNO3 treatments was recorded for all tested plant species.

123

544 R. Koley et al.



Moreover, no significant difference in vigour indices were

recorded under plant extract treatment. Moreover, AgNPs

mediated faster seed germination supports the early seed-

ling establishment and higher biomass accumulation could

be a reason for the improvement of seedling vigour as we

found in our study. Lakshmi et al. (2017) demonstrated the

improvement of seedling vigour indices in Vigna radiata

upon ZnO NPs treatment and suggested that the ZnO NPs

Table 2 Effect of different treatments on biochemical parameters of chickpea, pea and mung bean

Treatment Dose

(mg/L)

Chl a (mg/g

FW)

Chl b (mg/g

FW)

Carotenoids (mg/

g FW)

Soluble sugar (mg/

g FW)

Protein (mg/g

FW)

Superoxide anion

(lM/g FW)

Chickpea

AgNPs 0 1.230 ± 0.020b 0.533 ± 0.011a 0.214 ± 0.010a 14.69 ± 0.49bc 11.45 ± 0.06b 30.25 ± 0.78d

10 1.363 ± 0.034a 0.514 ± 0.025a 0.200 ± 0.018a 16.87 ± 0.62a 11.86 ± 0.11a 37.81 ± 0.68c

50 1.236 ± 0.044b 0.548 ± 0.030a 0.192 ± 0.016a 16 ± 0.36ab 11.13 ± 0.09c 41.01 ± 0.71b

100 1.172 ± 0.027b 0.530 ± 0.009a 0.146 ± 0.009b 13.69 ± 0.45c 10.41 ± 0.09d 45.76 ± 0.57a

AgNO3 0 1.230 ± 0.020a 0.533 ± 0.011a 0.214 ± 0.010b 14.69 ± 0.49ab 11.45 ± 0.06a 30.25 ± 0.78d

10 1.236 ± 0.029a 0.548 ± 0.021a 0.232 ± 0.008ab 15.38 ± 0.45a 11.10 ± 0.11b 38.76 ± 0.67c

50 1.217 ± 0.025a 0.503 ± 0.019a 0.252 ± 0.013a 13.59 ± 0.60b 10.18 ± 0.07c 44.70 ± 0.54b

100 1.168 ± 0.026a 0.513 ± 0.016a 0.177 ± 0.010c 13.15 ± 0.55b 10.06 ± 0.09c 50.54 ± 0.62a

Extract 0 1.230 ± 0.020a 0.533 ± 0.011a 0.214 ± 0.010ab 14.69 ± 0.49a 11.45 ± 0.06a 30.25 ± 0.78b

10 1.224 ± 0.032a 0.524 ± 0.016a 0.194 ± 0.010b 14.20 ± 0.80a 11.53 ± 0.10a 33.42 ± 1.07a

50 1.230 ± 0.025a 0.542 ± 0.016a 0.230 ± 0.011a 14.25 ± 0.64a 11.55 ± 0.06a 35.20 ± 0.48a

100 1.239 ± 0.022a 0.540 ± 0.012a 0.186 ± 0.011b 15.12 ± 0.94a 11.55 ± 0.06a 35.75 ± 0.47a

Pea

AgNPs 0 1.283 ± 0.015b 0.597 ± 0.013ab 0.282 ± 0.009a 12.39 ± 0.57b 12.37 ± 0.09b 18.61 ± 0.47d

10 1.294 ± 0.018b 0.597 ± 0.022ab 0.296 ± 0.012a 13.73 ± 0.53b 12.43 ± 0.08b 27.12 ± 0.65c

50 1.374 ± 0.014a 0.627 ± 0.008a 0.302 ± 0.009a 16.23 ± 0.53a 13.06 ± 0.12a 32.88 ± 0.62b

100 1.268 ± 0.017b 0.572 ± 0.013b 0.279 ± 0.010a 11.96 ± 0.58b 12.24 ± 0.06b 40.17 ± 0.80a

AgNO3 0 1.283 ± 0.015a 0.597 ± 0.013a 0.282 ± 0.009a 12.39 ± 0.57ab 12.37 ± 0.09a 18.61 ± 0.47d

10 1.278 ± 0.018a 0.597 ± 0.008a 0.297 ± 0.012a 13.26 ± 0.45a 12.38 ± 0.08a 29.79 ± 0.53c

50 1.239 ± 0.022a 0.583 ± 0.008a 0.265 ± 0.015a 11.27 ± 0.49b 12.27 ± 0.07a 35.49 ± 0.40b

100 1.230 ± 0.025a 0.581 ± 0.013a 0.258 ± 0.013a 10.82 ± 0.61b 11.78 ± 0.07b 41.49 ± 0.56a

Extract 0 1.283 ± 0.015a 0.597 ± 0.013a 0.282 ± 0.009a 12.39 ± 0.57a 12.37 ± 0.09a 18.61 ± 0.47b

10 1.255 ± 0.032a 0.548 ± 0.009c 0.272 ± 0.009a 12.34 ± 0.99a 12.09 ± 0.07b 22.31 ± 0.51a

50 1.255 ± 0.024a 0.585 ± 0.012ab 0.264 ± 0.014a 11.14 ± 0.45a 11.08 ± 0.05d 22.82 ± 0.58a

100 1.234 ± 0.027a 0.552 ± 0.012bc 0.263 ± 0.017a 11.27 ± 0.49a 11.36 ± 0.10c 23.70 ± 0.43

Mung bean

AgNPs 0 1.169 ± 0.037b 0.477 ± 0.006a 0.222 ± 0.016ab 21.49 ± 0.98b 13.02 ± 0.09b 13.19 ± 0.61d

10 1.292 ± 0.004a 0.487 ± 0.013a 0.230 ± 0.014a 25.07 ± 0.74a 14.62 ± 0.09a 16.68 ± 0.35c

50 1.193 ± 0.031b 0.457 ± 0.016a 0.227 ± 0.008a 20.55 ± 0.58b 12.01 ± 0.07c 21.61 ± 0.28b

100 1.124 ± 0.018b 0.363 ± 0.022b 0.185 ± 0.009b 19.55 ± 053b 10.91 ± 0.07d 28.81 ± 0.56a

AgNO3 0 1.169 ± 0.037a 0.477 ± 0.006a 0.222 ± 0.016a 21.49 ± 0.98a 13.02 ± 0.09a 13.19 ± 0.61d

10 1.192 ± 0.010a 0.443 ± 0.018a 0.191 ± 0.007a 20.10 ± 1.21ab 12.08 ± 0.11b 18.59 ± 0.45c

50 1.063 ± 0.021b 0.353 ± 0.023b 0.192 ± 0.008a 16.88 ± 0.78c 11.99 ± 0.05b 24.45 ± 0.44b

100 1.031 ± 0.020b 0.372 ± 0.014b 0.198 ± 0.010a 17.43 ± 0.29bc 10.69 ± 0.09c 31.94 ± 0.63a

Extract 0 1.169 ± 0.037a 0.477 ± 0.006a 0.222 ± 0.016a 21.49 ± 0.98a 13.02 ± 0.09a 13.19 ± 0.61a

10 1.186 ± 0.061a 0.438 ± 0.014b 0.225 ± 0.011a 20.45 ± 1.54a 11.93 ± 0.08bc 13.39 ± 0.42a

50 1.143 ± 0.017a 0.391 ± 0.011c 0.220 ± 0.013a 19.87 ± 0.57a 12.08 ± 0.08b 14.18 ± 0.50a

100 1.142 ± 0.020a 0.397 ± 0.005c 0.222 ± 0.009a 20.70 ± 0.62a 11.78 ± 0.09c 14.51 ± 0.39a

a,b,cDifferent letters denote statistically significant differences according to the Tukey-HSD multiple comparisons tests (p\ 0.05)

AgNPs—Silver nanoparticles; Chl a—Chlorophyll a and Chl b—Chlorophyll b
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mediated improvement of seed quality during germination

and subsequently results in the quenching of the free rad-

icals in germinating seeds. In turn, the oxygen produced

through this process could also be used for seed respiration,

which would further promote germination and result in

improving seedling vigour. Improved vigour indices were

also reported in sunflowers upon pre-sowing seed treatment

with silicon nanoparticles (Janmohammadi and Sabaghnia

2015).

3.4 Photosynthetic pigments

The photosynthetic pigments content (chlorophyll and

carotenoids) under different treatments are presented in

Table 2. Results revealed that about 11 and 10% (p\ 0.05)

increase in chlorophyll a for chickpea and mung bean was

recorded at 10 mg/L AgNPs treatment respectively, while

it increased for about 7% in pea at 50 mg/L AgNPs treat-

ment with respect to control. Moreover, no significant

effect of plant extract on chlorophyll a content was

observed in this study. However, chlorophyll b content was

decreased under most of the treatment conditions. An

increase in chlorophyll b content of about 5% was observed

only in pea at 50 mg/L AgNPs treatment with respect to

control. However, a reduction in all the pigments content at

higher concentration (100 mg/L) of both AgNPs and

AgNO3 treatments were also observed for all three tested

plant species. On the other hand, carotenoids content was

also improved in nanotreated seedlings of both pea and

mung bean as compared to untreated control. However, it

was decreased for chickpeas at higher concentrations

(100 mg/L) of AgNPs and AgNO3 treatments. However, no

significant impact of plant extract on carotenoids was

observed in this study. Therefore, this dose dependent

variation in pigment level clearly revealed that the AgNPs

might have some role in chlorophyll biosynthesis (Anusuya

and Banu 2016). The decrease in chlorophyll content at

higher concentrations of both AgNPs and AgNO3 is

probably due to oxidative damage caused by the release of

Ag? ions which disrupt chlorophyll synthesis (Ma et al.

2015). The ROS generation within the oxidative window

influences several electron acceptors of photosystem II and

the efficient electron acceptors are the indicators of higher

chlorophyll content in leaves (Pereira et al. 2019). Slow
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Fig. 3 Amylase activity of germinating seeds under different treatment conditions at different time intervals of chickpea. Values are means of

three replicas and bars represent ± SD and a,b,cDifferent letters indicate significant difference at p\ 0.05
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release of Ag? ions from AgNPs for a longer period helps

in the maintenance of oxidative stress below the oxidative

window and provides better chlorophyll synthesis up to the

later stage of seedlings. Very recently, Basheerudeen et al.

(2021) demonstrated an almost similar effect of AgNPs on

photosynthetic pigments of Vigna radiata. Nair and Chung

(2015) also showed the improvement of total chlorophyll in

Vigna radiata upon AgNPs treatments up to 20 mg/L and

subsequently decreased the chlorophyll content at higher

concentrations.

3.5 Soluble sugar and protein content

Along with the improvement of photosynthetic pigments,

higher amounts of soluble sugar and protein content in

nanotreated seedlings were recorded as compared to con-

trol for three tested plant species, and the entire results are

depicted in Table 2. Results revealed that significant

increase (p\ 0.05) in sugar levels of about 1.31- and 1.16-

folds over control were recorded in pea and mung bean at

50 and 10 mg/L AgNPs treatments, respectively. About

1.54-folds increase in sugar content was also recorded for

chickpeas at 10 mg/L AgNPs with respect to control.

However, decreased sugar content at higher concentration

(100 mg/L) of both AgNPs and AgNO3 for chickpeas

(p\ 0.05), peas, and mung beans indicated their toxic

effect on plants beyond a threshold level. On the other

hand, the protein content was increased at lower concen-

tration (10 mg/L) of AgNPs and decreased in higher con-

centrations (50 and 100 mg/L) as well as in all

concentrations of AgNO3 treatment in chickpea. However,

a significant increase (p\ 0.05) in protein content was

recorded at 50 mg/L in peas, but subsequently, at higher

concentration of both AgNPs and plant extract showed a

sharp reduction in protein level over control. About 12.3%

increase in protein content in mung bean at 10 mg/L

AgNPs treatment was also recorded as compared to con-

trol. Moreover, the highest reduction in protein content was

found at 100 mg/L AgNO3 treatment for mung bean,

suggesting the toxic effect of silver ions on plant metabo-

lism. Higher accumulation of both sugar and protein con-

tent in nanotreated seedlings might be due to the improved

rate of photosynthesis. It was suggested that soluble sugar

content is directly linked with the photosynthetic efficiency

and total chlorophyll content of seedlings (Mahakham et al.

2016). Increased sugar content in onion upon seeds primed

with AgNPs was also reported by Acharya et al. (2019).

They also suggested that the higher chlorophyll content is
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Fig. 4 Amylase activity of germinating seeds under different treatment conditions at different time intervals of pea. Values are means of three

replicas and bars represent ± SD and a,b,cDifferent letters indicate significant difference at p\ 0.05
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directly linked with increased total photosynthates in

plants. Tymoszuk (2021) also highlighted the increased

accumulation of photosynthetic pigments and higher pro-

tein content in radish seedlings at lower concentration

(50 mg/L) of AgNPs treatment and subsequently declined

at higher concentration (100 mg/L).

3.6 Activity of hydrolytic enzymes

During seed germination, the reserved starch is hydrolyzed

into soluble sugar by amylase, whereas storage protein

breaks down into amino acids by protease to provide

nutrients and energy for germination (Botcha and Prattipati

2020; Laware and Raskar 2014). The activity of both

amylase and protease was measured starting from seed

imbibition to the later stage of seedling growth under dif-

ferent treatments and presented in Figs. 3, 4, 5, 6, 7 and 8.

Results revealed that a significant increase (p\ 0.05) of

amylase activity during the early stage of seed emergence

(up to 24 h) of AgNPs (10 mg/L) treated seeds of chickpea,

while subsequently reduced in the later stage of seedling

growth with respect to control (Fig. 3). In peas, up to 72 h

of germination, the amylase activity was higher and sub-

sequently decreased after the seventh and tenth day at

50 mg/L AgNPs treatment over control and other treat-

ments (Fig. 4). Similarly, in mung bean, at 10 mg/L

AgNPs treatment the amylase activity was significantly

(p\ 0.05) higher up to 72 h and decreased at seventh day

as compared to control (Fig. 5). Enhancement of enzyme

activity in early stage of seedling growth could be a posi-

tive crosstalk between phytohormones (gibberellin and

auxin) and ROS and which subsequently triggered the gene

expression for amylase (Chandrasekaran et al. 2020).

Moreover, the highest reduction (p\ 0.05) in amylase

activity at 100 mg/L AgNO3 treatment as well as decreased

at higher concentrations of AgNPs (50 and 100 mg/L)

suggested the toxic effect of silver might cause oxidative

stress generation above the threshold level, which in turn

adversely affected cellular metabolism and resulted in

decreased expression of amylase. It was also suggested that

the Ag? ions can easily interact with enzymes and inhibit

their activity (Xu et al. 2021). However, other treatments

(AgNO3 and plant extract) showed lower amylase activity

after the tenth day over control. This might be due to the

early seedling establishment and subsequent growth along

with improved photosynthetic pigment helps in efficient

photosynthesis and therefore higher availability of sugar

responsible for lowering the amylase activity (Botcha and
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Prattipati 2020). An almost similar observation of

increased amylase activity during germination in AgNPs

treated chickpea seeds was described by Anusuya and Banu

(2016). Higher amylase activity and starch metabolism in

AgNPs primed rice seeds were also demonstrated earlier by

Mahakham et al. (2017).

On the other hand, protease activity was also increased

in AgNPs treated seeds during early stage of germination

and decreased at later stage growth for all tested plant

species. The maximum protease activity was recorded after

48 h in chickpea seeds at 10 mg/L AgNPs treatment and it

was about 1.42-folds higher (p\ 0.05) than control

(Fig. 6). However, protease activity in early stage (up to

72 h) was decreased at higher concentrations (50 and

100 mg/L) of both AgNPs and AgNO3 treatments. Both

pea (Fig. 7) and mung bean (Fig. 8) showed similar pat-

terns of protease activity under AgNPs treatments at 50 and

10 mg/L, respectively. A significant increase (p\ 0.05) of

about 26% in protease activity was recorded after 24 h at

50 mg/L AgNPs treatment for pea and of about 33 and

55% at 10 mg/L AgNPs treatment after 48 and 72 h for

mung bean as compared to control, respectively. However,

more interestingly, protease activity decreased after the

seventh and tenth day at 10 mg/L (for chickpea and mung

bean) and 50 mg/L (for pea) AgNPs treatments as com-

pared to control and other treatments. Almost similar

observation was made during rice seed germination, where

protease activity was higher at 60 h and subsequently

decreased upon exposure of zero valent iron nanoparticles

(Guha et al. 2021). However, no significant impact of plant

extract on protease activity was recorded for all tested plant

species. Rapid utilization of storage protein and subsequent

growth of radicle enables faster seed germination and later

growth of seedlings. Lower protease activity after 48 h also

suggested the early utilization of storage protein in seeds

(Botcha and Prattipati 2020). AgNPs and AgNO3 mediated

oxidative stress might regulate the dose dependent protease

activity during seed germination. Previously, TiO2 NPs

mediated enhancement of protease activity during seed

germination in Allium cepa was also reported by Laware

and Raskar (2014).
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3.7 Analysis and histochemical localization of ROS

Accumulation of superoxide anion (O2
-) in germinating

seeds (after 48 h) at different treatments was measured and

is shown in Table 2. Dose dependant significant increase

(p\ 0.05) of O2
- content was recorded under both AgNPs

and AgNO3 treatments in all tested plant species. However,

the highest increase in O2
- content of about 1.67, 2.23- and

2.42-folds over control was recorded in chickpea, pea, and

mung bean at 100 mg/L of AgNO3 treatment, respectively.

Moreover, a higher accumulation of O2
- content at

100 mg/L of AgNPs treatment was also recorded over both

control and other concentrations of AgNPs treatments. Ag?

ions mediated generation of ROS leads to the highest

accumulation of O2
- under AgNO3 treatment and slow

release of Ag? ions from AgNPs might restrict over pro-

duction of O2
- as compared to AgNO3. The slow release of

Ag? ions from AgNPs was also previously described by

earlier researchers (Tomacheski et al. 2017; Dobias and

Bernier-Latmani 2013; Kittler et al. 2010). Significant

increase (p\ 0.05) of O2
- at lower dose of AgNPs treat-

ments suggested the ROS generation at a certain level

might help in seed metabolism and subsequent seedling

establishment. Therefore, the generation of oxidative stress

below the ‘oxidative window’ and subsequent ROS sig-

nalling promote seed germination. Almost a similar effect

of zero valent iron nanoparticles on ROS homeostasis and

ROS signalling mediated regulation of hydrolytic enzymes

during seed germination in rice was also explained by

Guha et al. (2021). Moreover, greater accumulation of O2
-

at higher concentrations of both AgNPs and AgNO3, and

subsequent growth inhibition might be due to ROS medi-

ated damages in the cell membrane, nucleic acid, and

disruption of cellular metabolisms (Vishwakarma et al.

2017). Nair and Chung (2014) also highlighted the similar

dose dependent increase in ROS generation under AgNPs

treatment in Arabidopsis thaliana. Metal nanoparticles

mediated ROS generation and their toxicity in plants were

also reported by several researchers (Guha et al. 2021; Ma

et al. 2015). However, no significant increase in O2
-

content was found in root extract treatments and this sug-

gested the O2
- generation in germinating seeds due to the

action of Ag? ions released from either AgNPs or AgNO3.

NPs Salt Extract
0.00

0.03

0.06

0.09
Pr

ot
ea

se
 a

ct
iv

ity
(m

g 
ty

ro
si

ne
/m

in
/g

 fr
es

h 
tis

su
e)

Day 7

Pr
ot

ea
se

 a
ct

iv
ity

(m
g 

ty
ro

si
ne

/m
in

/g
 fr

es
h 

tis
su

e)

Pr
ot

ea
se

 a
ct

iv
ity

(m
g 

ty
ro

si
ne

/m
in

/g
 fr

es
h 

tis
su

e)
Pr

ot
ea

se
 a

ct
iv

ity
(m

g 
ty

ro
si

ne
/m

in
/g

 fr
es

h 
tis

su
e)

Pr
ot

ea
se

 a
ct

iv
ity

(m
g 

ty
ro

si
ne

/m
in

/g
 fr

es
h 

tis
su

e)

Pr
ot

ea
se

 a
ct

iv
ity

(m
g 

ty
ro

si
ne

/m
in

/g
 fr

es
h 

tis
su

e)

Day 10

Day 3Day 2

Day 1Day 0

a

a

a
aa

aab

abab

aaaa

aaaa

aaaa aaaa

aaaa

aaa

b

a

bab

a
a

a
bb

b

a

ab

a

ab

a

aa

ab

a
a

a

a

a

a

a
a

aa
aa

aaa
a a a a

a a

a

FE

DC

A B

 0 mg/L  10 mg/L  50 mg/L  100 mg/L

NPs Salt Extract
0.00

0.03

0.06

0.09

NPs Salt Extract
0.00

0.03

0.06

0.09

NPs Salt Extract
0.00

0.03

0.06

0.09

NPs Salt Extract
0.00

0.03

0.06

NPs Salt Extract
0.00

0.03

0.06

0.09

Fig. 7 Protease activity of germinating seeds under different treatment conditions at different time intervals of pea. Values are means of three

replicas and bars represent ± SD and a,b,cdifferent letters indicate significant difference at p\ 0.05

123

550 R. Koley et al.



On the other hand, histochemical localization of ROS

(O2
- and H2O2) after 12 h imbibition under different

treatments is shown in Fig. 9. Maximum intensity of NBT

staining at higher concentration of both AgNPs and AgNO3

treated seeds for all tested plant species as compared to

control, suggested the higher accumulation of both O2
-

and H2O2 (Mahakham et al. 2017). Almost similar effects

of both AgNPs and AgNO3 on the generation of oxidative

stress in the roots of mustard using NBT staining were

shown by Vishwakarma et al. (2017).

3.8 Mechanism of nanoparticles induced early

seedling establishment

Figure 10 demonstrated a tentative mechanism of AgNPs

induced seed germination and seedling growth. From

Fig. 10, it is clear that AgNPs easily penetrated the seed

coat and generated Ag? ions inside the seed, which is

supposed to accelerate the generation of ROS. Almost

similar line of thought was reported in earlier literature (Xu

et al. 2021; Tomacheski et al. 2017; Dobias and Bernier-

Latmani 2013). Therefore, AgNPs might maintain the Ag?

ions at the threshold level and generate oxidative stress

below the ‘oxidative window’ for a prolonged time as

compared to AgNO3. This nanoinduced mechanism also

revealed that the balanced ROS acting as a messenger for

cell signalling (MAPK cascade) towards the upregulation

of hydrolytic enzymes (i.e. amylase, protease, etc.) which

is essential for the mobilization of stored food (Guha et al.

2021). The generation of oxidative stress below the ‘ox-

idative window’ triggers the essential metabolic processes

during seed germination (Xu et al. 2021). Therefore, this

ROS could be the main driving force towards the dislo-

cation of cell walls, weakening of seed coat and endo-

sperm, and subsequently early emergence of the radicle

(Song and He 2021; Basheerudeen et al. 2021).

4 Conclusion

The present study showed the application of AgNPs

enhanced the seed germination and seedling growth in

three pulses. Nanoparticles mediated alteration of cellular

metabolism related to enhanced enzyme activity and ROS

generation at threshold level during germination might

alter the seed physiology and metabolism that favoured
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rapid seed germination and subsequent seedling growth.

The increased activity of both amylase and protease in

nanotreated seeds indicates that the AgNPs has some role

in the modulation of activity of hydrolytic enzymes during

early seedling establishment. However, further studies are

needed to investigate the exact mechanism of action of

(j) 

(i) 

(h) 

(g) 

(f) 

(e) 

(d) 

(c) 

(b) 

(a) 

Chickpea Pea Mung beanFig. 9 Histochemical

localization of ROS (O2
- and

H2O2) after 12 h imbibition of

seeds with NBT staining.

Representative images of

imbibed seeds of a control,

b 10 mg/L AgNPs, c 50 mg/L

AgNPs, d 100 mg/L AgNPs,

e 10 mg/L AgNO3, f 50 mg/L

AgNO3, g 100 mg/L AgNO3,

h 10 mg/L extract, i 50 mg/L

extract, and j 100 mg/L extract

treatments are presented
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nanoparticles on enzyme activity, whether silver nanopar-

ticle enhances gene expression for hydrolytic enzymes

through phytohormones signalling or directly binds with

enzymes as an activator and alter their activity.
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