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Abstract Stevia rebaudiana extract is globally approved

as a low-calorie sweetener. Increasing glycosides content

using biotechnological methods is particularly important.

In this study, stevia plant was treated with silver

nanoparticles at various concentrations (0, 10, 20, and

40 mM). Subsequently, the transcription of key gene levels

in the biosynthesis of rebaudioside and stevioside glyco-

sides, including UGT85C2 (UDP-glycosyltransferases),

KAH (Kaurenoic acid-13 hydroxylase), UGT74G1, and

UGT76G1 was measured using real time PCR assays. The

HPLC was used to evaluate the glycosides content.

UGT85C2 demonstrated the highest transcriptional level

changes in plants treated with silver nanoparticles. The

plants treated with silver nanoparticles at concentration of

10 and 20 mM showed a lower gene expression than the

control plant, but plant treated with silver nanoparticles at

40 mM concentration showed significantly higher gene

expression than the control samples. The results suggested

that the treatment with AgNPs at 40 mM leads to similar

positive effects on the transcription of all genes. HPLC

results also revealed that the plants treated with 40 mM

nanoparticles contains a higher glycosides content com-

paring to the control sample. Thus, the present experiment

suggests that silver nanoparticles can act as a strong

amplifier of the transcriptional trigger for steviol glycoside

biosynthesis pathway genes which have the potential to

control the production of steviol glycosides positively.
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Introduction

There is a growing interest in pharmaceutical industries to

improve the quality and quantity of active ingredients in

medicinal plants (Jasim et al. 2017). One of the techniques

to increase the secondary metabolites is based on the bio-

logical and non-biological stimuli that can manipulate the

metabolism of secondary metabolites and increase pro-

duction. It should be noted that such stimulants can affect

the plant in natural conditions, which leads to the pro-

duction of a particular metabolite (Mohanpuria et al. 2008).

Naturally, not all elicitors follow a single path, and

several factors such as their concentration, properties, size

and plant growth stage, physiochemical conditions and

callus could have their effects (Angelova et al. 2006).

The first and the most important step to increase meta-

bolic engineering is to identify the pathway, how it is

tuned, and the factors that can affect the speed of pro-

duction of valuable metabolites. One of these methods is

the use of such elicitors for enzyme stimulation (Mulabagal

and Tsay 2004). Stress improves secondary metabolites

production in medicinal plants. It is reported that elicitors

have a positive effect on the production of secondary
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metabolites (Pitta-Alvarez et al. 2000). Recently, it has

been found that the exploitation of nanomaterials is

effective in the biosynthesis of commercially and eco-

nomically secondary metabolites in medicinal plants

(Gomes et al. 2012).

The interest in nanotechnology has been growing

recently due to its tremendous effects in various areas such

as pharmaceutical, energy, electronics, and industrial

applications. Researchers are interested in using biotech-

nological techniques to enhance the production of sec-

ondary metabolites. These secondary metabolites are used

as renewable sources of drugs due to legal restrictions on

the use of natural resources for pharmaceutical purposes.

The use of plant breeding under the induction of

nanoparticles (NPs) can be a useful tool in creating dif-

ference between various plants (Gomes et al. 2012; Jain

and Spencer 2006). Nanoparticles have been reported as an

elicitor in recent years. Due to their small size, nanopar-

ticles penetrate rapidly into plant cells and increase protein

levels and stimulate gene expression (Masarovicova and

Kralova 2013).

It is reported that the content of artemisinin (Zhang et al.

2013) and diosgenin (Jasim et al. 2017) of the Ag–SiO2

core–shell NP-treated plants has increased. AgNP treat-

ment of C. officinalis L. appears to be a cost-effective and

simple method of enhance its medicinal properties (Gupta

et al. 2013).

Stevia rebaudiana belongs to Asteraceae family that

grows in places with long latitudes and longer days. Stevia

is regarded as a dietary sugar and a natural sweetener that

can substitute for all types of sweets, candies, and drinks.

Stevia extract has antiviral and antioxidant properties

(Lemus-Mondaca et al. 2012). Stevia leaves contain a

mixture of sweet diterpene glycosides, such as stevioside,

isosteviol, dulcoside A, rebaudioside, and steviolbioside

(Goyal et al. 2010). Additionally, stevia leaves also contain

phytoconstituents such as vitamins, fatty acids, flavonoids,

phenolic acids, and proteins (Gupta et al. 2013). These

leaves are also known for their high sweet steviol glyco-

sides content (about 4–20% of dry weight) depending on

growth and the cultivar conditions (Geuns 2003).

Steviol glycosides (SGs) are low-calorie and natural

sweeteners. SG concentrations are 10,000 times higher

compared to gibberellic acid, indicating that plants are

using major energies to produce SGs. Rebaudioside A and

stevioside are the major SGs. Other SGs present in smaller

amounts are steviolbioside (SB), dulcoside A (Dul A), and

Reb B, C, D, E, F. The main difference between rebau-

dioside A and stevioside is in their abundance and sweet-

ening power. The stevioside sweetener is 143 times greater

than natural sucrose. On the other hand, rebaudioside A is

almost 320 times sweeter but less abundant (Richman et al.

1999). SGs are derived from the MEP (2-C-Methyl-D-

erythritol-4-phosphate) pathway. This pathway is located

within plastids and primarily in leaves (Brandle and Telmer

2007). Some genes involved in steviol glycosylation are

unknown, but several important genes have been charac-

terized biochemically (Ceunen and Geuns 2013). Ger-

anylger-anyl-diphosphate (GGDP) is a substrate for the

synthesis of SGs which is converted into steviol by the

continuous action of four enzymes: copalyldiphosphate

synthase (CPPS), kaurene synthase (KS), kaurene oxidase

(KO), and kaurenoic acid hydroxylase (KAH) (Brandle and

Telmer 2007). Various steviol glycosides are formed by

steviol glycosylation using specific glucosyltransferases

(GTs). UGT85C2 (UDP-glycosyltransferases), KAH

(Kaurenoic acid-13 hydroxylase), UGT74G1, and

UGT76G1 are the main enzymes in the biosynthesis

pathway of steviol glucosylation (Shibata et al. 1999). The

formation of SGs varies significantly with the treatment of

growth regulators (Modi et al. 2011; Hajihashemi et al.

2013). Similarly, patterns of biosynthesis genes transcrip-

tion and the content of diterpene glycoside accumulation

depend on the plant’s growth stage which was reported in

tomato (Scolnik and Giuliano 1994), Arabidopsis (Che

et al. 2006), and cotton (Ghazi et al. 2009).

Considering the significance of the stevia in the phar-

maceutical industry, evidently, using the silver nanoparti-

cles as an inducer can alter the expression of the key genes

in the production pathway of glycosides and enhance their

levels. For this purpose, the effect of various concentra-

tions of AgNP on the changes of gene expression on pro-

duction of rebaudioside and stevioside glycosides was

investigated.

Material and Methodology

Synthesis of AgNP

The silver nanoparticles were synthesized chemically by

reducing the salt of silver nitrate with trisodium citrate. All

solutions were prepared using distilled water. Silver nitrate

(50 ml of 0.001 M) was heated followed by adding 1%

trisodium citrate. The solution was stirred continuously

until the solution turned dark yellow, signaling the for-

mation of AgNPs. The solution was then left at room

temperature. The SEM microscopic images and UV–Vis

spectroscopy were used to study the formation of AgNP

and their specification.

UV–Vis spectroscopy is one of the most common

methods to determine the structural properties of NPs

based on AgNP surface plasmon resonance. The presence

of AgNPs in the solution is evident from the absorption of

light at the 450-nm region.
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The SEM was used to analyze the morphology (size and

shape) of the particles. Aqueous AgNP sample was loa-

ded on a carbon-coated copper grid, and the solvent

evaporated at room temperature for 1 h. The SEM images

were recorded using Zeiss—EM10C instrument on grids of

carbon-coated copper and 80 kV accelerating voltage with

various magnifications.

Treatment of the Plant

The experiment conducted using a completely randomized

design with three replications in a research greenhouse

belonging to the Sana Institute of Higher Education. S.

rebaudiana seedlings were planted and their successful

establishment was assured. After 4–6 leaves emerged, the

plants were treated with AgNP [in various concentrations

of (0, 10, 20, 40 mM)] using spray solution (2 times in

3 weeks). Pods were transported to a greenhouse and were

exposed to 16 h of light (8000–10,000 Lux) and 8 h of

darkness, with an average temperature of 25 ± 5 �C and a

humidity of 60%. The necessary nutrition was provided

using Hoagland nutrition solution. All the experiments

were done in triplicate (biological replication), and the

samples were collected in aluminum foils and stored for

molecular assessments at - 80 �C.

Extraction of RNA and Synthesis of cDNA

Fresh 100 mg of the leaf was inserted in the liquid nitrogen

and the trizol protocol was used to extract the RNA (In-

vitrogen, Carlsbad, CA, USA), Then the fresh leaf was

exposed to chloroform, trizol, 75% ethanol, and isopropyl

alcohol in RNase-free water. Around 2 lg of total RNA

treated with DNaseI and was used for the first-strand syn-

thesis of cDNA utilizing 10 mM dNTPs, oligo (dT) pri-

mers, and reverse transcriptase according to the

instructions by the manufacturer (Thermo Scientific,

Germany).

Real-Time Analysis PCR

cDNA aliquots were used as a template for real-time PCR

analysis, and primers were extracted using Primer3 online

software rechecked with OLIGO5 analyzer software

(Table 1). PCR carried out using the one-step SYBR�
Green RT-qPCR with Hot Start Taq DNA polymerase

(Thermo Scientific) in a Bio-Rad real-time PCR machine

(CFX96TM Touch real-time PCR detection system)

according to the recommendations of the manufacturer.

The following procedure for reactions was applied: 3 min

at 95 �C, denaturation at 95 �C for 25 s, annealing at 60 �C
for 20 s, and extension at 72 �C for 25 s for 40 cycles. The

housekeeping gene was used (Actin) as a reference for

normalization, and comparative gene expression method

(2-DDcT) for data analysis and determination of the relative

amount of gene expression by amplifying the target genes

and actin as the reference gene.

Extracting Rebaudioside A and Stevioside

and HPLC Analysis

One hundred milligrams of dry leaves was stirred in 10 ml

of pure methanol for 25 min. The methanol was evaporated

at 48 �C followed by adding n-hexane (25 ml) for neu-

tralization. After the solvent evaporated, 5 ml of the water/

acetonitrile solution was added and then filtered for HPLC

analysis using an Aqua C-18–125A (150 9 4.0 mm,

5 microns) from Phenomenex (Torrance, CA, USA). Ten

microliters of the extract was injected into a chromatog-

raphy column with 15-cm-long Cosmosil NH2-MS speci-

men with 4.6 mm diameter and a diameter of 5 lm
attached to the Unicam Crystal 200 model HPLC device.

The 8:2 ratio of acetonitrile/water mobile phase was passed

through the column at a rate of 1 ml/min. A diode array

detector at a wavelength of 210 nm was used. The pump

pressure was at 800 psi and compared the amount of each

substance to standard courier based on the surface area

under their curve and output courier’s inhibition time (Rahi

et al. 2010).

Statistical Analysis

This experiment was performed in a completely random-

ized design (CRD) with three biological replicates for each

treatment. The variance between various means and its

Table 1 Sequences of the gene-specific primer pairs used for real-time analysis of AgNP-treated S. rebaudiana plants

Gene Accession number 50-Forward primer-30 50-Reverse primer-30

KAH EU722415 agcttttcggcaagtctctg catggtgacggcataatgag

UGT85C2 AY345978 caagagttgatgggagaaggag agcacggtgatttccttgac

UGT76G1 AY345974 aatagctcgtgggttggttg acgtcgaacccttgacaaac

UGT74G1 AY345982 tcctggatttccagtgcttc gagaccaagggctctgtatttg

actin AF548026 tcgaacacggtattgtcagc cttttctctgttcgccttgg
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impact was analyzed using one-way ANOVA and least

significant difference (LSD) methods in SPSS software

(version 23, SPSS, Chicago, IL). A comparison of means

was executed using SAS software (SAS Institute, Cary,

NC) and was also used to draw MS Office graphs.

Results

SEM analysis and UV–Vis absorbance at 400 nm demon-

strated that the produced AgNPs were spherical with an

average of 25 nm (Fig. 1).

Gene Expression

In this study, the analysis of the key genes expression in the

biosynthesis pathway of the stevioside and rebaudioside

(UGT85C2, KAH, UGT74G1, and UGT76G1) revealed

that the glycosides were significantly different from control

plant (water-treated leaves) in stevia leaves. Thus, their

expression changed significantly after the treatment with

AgNPs of various concentrations (0, 20, 20, and 40 mM).

The key genes (UGT85C2, KAH, UGT74G1, and

UGT76G1) responded differently to various concentrations

of AgNPs.

The difference in KAH transcription levels was obvious

among the various concentrations. It was observed that

plants treated with 40 mM AgNP concentration showed the

highest accumulation of KAH transcripts (2.8-fold) com-

pared with the control plant. Plants treated with lower

concentrations (10 and 20 mM) showed a low level of

KAH expression compared with the control plant, and the

lowest gene expression was recorded in plants treated with

10 mM AgNPs (Fig. 2).

UGT85C2 transcript analysis showed an increase in

mRNA levels in response to AgNP treatment plant (Fig. 3).

AgNP-treated plants at 40 mM showed a peak of tran-

scription for UGT85C2 compared to the control plant (9.9-

fold). Lower concentration of AgNPs (10 and 20 mM)

showed lower expression levels, and the 20 mM concen-

tration of AgNP indicated the slightest changes in

UGT85C2 gene expression.

Among the concentrations of AgNPs, the leaves treated

with 40 mM concentration AgNPs showed the highest

UGT76G1 gene expression level compared with the control

plant (0.9 fold). The lowest gene expression was recorded

in plants treated with AgNPs at 10 mM concentration

(Fig. 4).

Between various AgNP concentrations in treated plants,

40 mM concentration of AgNPs indicated the highest

UGT74G1 gene expression level compared with the control

plant (1.6-fold). Lower concentration of AgNP treatment

(10 and 20 mM) exhibited a lesser expression level, and

thus, no major changes were recorded between 10 and

20 mM AgNP concentrations in treated plants (Fig. 5).

HPLC Analysis of Rebaudioside A and Stevioside

Content

Based on valid standards, HPLC analysis of S. rebaudiana

extract revealed the presence of two major peaks: rebau-

dioside A and stevioside. Other minor peaks were assigned

as: Dulbecauside A and rebaudioside B, C, and F.

Rebaudioside A and stevioside retention times were

5.05 ± 0.8 min and 6 ± 0.2 min, respectively.

Overall, the present study revealed that the treatment of

plants with AgNP at various concentrations can lead to

alteration of glycosides content in stevia plants (rebau-

dioside A and stevioside content) at 40 mM AgNP

Fig. 1 UV–Vis absorbance (a) and SEM micrograph (b) of AgNPs treated on the leaves of S. rebaudiana
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concentration compared with the control plant. As

demonstrated in the results, the differences between treat-

ments and the control sample are significant (P B 0.05). As

shown in Fig. 6, the result was recorded with 0.6–47 mg/g

dry w under various concentrations of biosynthesized

AgNP treatments.

Discussion

Elicitors have a positive effect on the production of sec-

ondary metabolites (Pitta-Alvarez et al. 2000; Ramezani

et al. 2017a, b; Majlesi et al. 2018; Ramezani

et al. 2018a, b). In this study, S. rebaudiana seedling was

grown and treated with AgNP as elicitors. The statistical

analysis revealed a significant increase in glycosides,

Fig. 2 Relative KAH gene transcription level control versus various

concentrations (1: control, 2: 10 mM AgNPs, 3: 20 mM AgNPs, 4:

40 mM AgNPs) of AgNPs after treatment in growing systems; data

represent mean ± SD, n = 3; LSD least significant difference; level

of significance: P\ 0.05

Fig. 3 Relative U85 gene transcription level in control versus various

concentrations (1: control, 2: 10 mM AgNPs, 3: 20 mM AgNPs, 4:

40 mM AgNPs) of AgNPs after treatments in growing systems; data

represent mean ± SD, n = 3; LSD least significant difference; level

of significance: P\ 0.05
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especially rebaudiosid A and stevioside. According to the

analysis of gene expression, the transcription level of key

genes (UGT85C2, KAH, UGT74G1, and UGT76G1) in the

rebaudioside A and sativoside biosynthesis pathways

increases in plants treated with AgNPs. Therefore, the

highest expression was observed in stevia treated with

40 mM AgNP.

The maximum of glycosides content was recorded in S.

rebaudiana plant treated with AgNP at 40 mM

concentration.

Overexpression of several glycosyltransferase genes

caused a significant increase in their respective glycosides

(Jackson et al. 2001). Until now, many types of researche

have demonestrated the effect of NPs on plant’s secondary

metabolism. For instance, after TiO2NPs treatment, the

concentration of phenolic compounds in the extracellular

medium increased by 27%, and 22% respectively, in

Haematococcus pluvialis and Arthrospira platensis (Co-

motto et al. 2014). This increase is contributed to the lipid

peroxidation, oxidative stress (H2O2 production), and CAT

activity. Diosgenin concentration increased when Trigo-

nella foenum-graecum L. was exposed to AgNPs (Ve-

cerova et al. 2016). Ferulic acid and isovitexin were barley

enhanced after treatment with AgNPs (Jasim et al. 2017).

AgNPs can upregulate key genes of flavonoid and antho-

cyanin biosynthesis pathway in A. thaliana (Garcia-San-

chez et al. 2015).

Fig. 4 Comparing U76 gene relative transcription level in control,

and various concentrations (1: control, 2: 10 mM AgNPs, 3: 20 mM

AgNPs, 4: 40 mM AgNPs) of AgNPs after treatments in growing

systems; data represent mean ± SD, n = 3; LSD least significant

difference; level of significance: P\ 0.05

Fig. 5 Comparing relative U74 gene transcription level in control,

and various concentrations (1: control, 2: 10 mM AgNPs, 3: 20 mM

AgNPs, 4: 40 mM AgNPs) of AgNPs after treatments in growing

systems; data represent mean ± SD, n = 3; LSD least significant

difference; level of significance: P\ 0.05

Sugar Tech (May-June 2020) 22(3):518–527 523

123



The above-mentioned reports affirm the NP-mediated

modulation of secondary metabolism of the plant. Other

studies confirm that the nanoparticles can modulate natural

products through interfering with various signaling path-

ways, however, the exact mechanism of this regulation is

not fully understood. According to some studies, it is

suggested that the plant’s early responses to NP treatment

are increased in the upregulation of mitogen-activated

protein kinase (MAPK) cascades, ROS levels, and cyto-

plasmic Ca2? efflux due to the following finding. AgNPs

were recognized using plasma membrane-bound receptors,

and afterward, a ROS induction and Ca2? burst in A.

thaliana were stimulated (Sosan et al. 2016; Kohan-

Baghkheirati and Geisler-Lee 2015). Ca2? levels and some

of the proteins linked with signaling pathways were

upregulated in AgNPs treated with O. sativa roots

(Mirzajani et al. 2014). It is believed that AgNPs, or

released ions, blocked the metabolism of the cell by

binding to Ca2?/Na? ATPases activity, Ca2? channels, and

Ca2? receptors. NPs imitate Ca2? In the cytosol in cal-

cium-binding proteins of NP-specific proteins (Kha et al.

2017). MAPK phosphorylation, and subsequently down-

regulating transcription factors activation, changed the

secondary metabolism transcription in plants (Schlutten-

hofer and Yuan 2015; Phukan et al. 2016; Eom and Choi

2010; Lim et al. 2012). ROS production and solubility of

nanoparticles affect their activity (Navarro et al. 2008).

Based on the results of this work, the treated stevia with

AgNPs causes the membrane lipid peroxidation that results

in an increase in the ROS formation. The increase in

rebaudioside A and stevioside also improves the anticancer

and cytotoxic activity of this extract, rendering it a

potential therapeutic material for treating cancer and other

diseases.

Based on the results, AgNP-treated plants have a con-

centration-dependent behavior. It was observed that in a

higher concentration of AgNP (40 mM), more key genes

expression involved in the biosynthesis pathways of main

glycosides and the main content of glycoside.

Thus, nanoparticles can easily enter plant cells which

results in the secondary metabolites production (Kim et al.

2007). El-Temsah and Joner (2012) reported that various

concentrations and sizes of AgNPs can have different

effects on seed germination.

Moteriya et al. research (2014) revealed an increase in

reduction power by increasing AgNP concentrations. Also,

Kanipandian et al. (2014) observed similar results in green

synthesized AgNP of Cleistanthus collinus extract.

Nanoparticles can enter plant cells through the apoplast

and cross the plasma membrane through endocytosis; they

can move further from one part to another via symplastic

flow (Rico et al. 2011). Also, the transport of nanoparticles

into subcellular organelles (e.g., the vacuoles, nucleus, and

plastids) is proven. After entering the nucleus, nanoparti-

cles enhance gene transcription levels (Chichiriccó and

Poma 2015; Da Costa and Sharma 2016). The biosynthesis

pathway of steviol glycosides is currently an interesting

field of study. This can be explained at the genetic level,

the scientific knowledge about steviol glycosides biosyn-

thesis pathway is limited (Richman et al. 1999). Further-

more, this pathway has four common intermediate steps

with Gibberellic acid (GA) biosynthesis pathway (Brandle

and Telmer 2007) which is a critical role in the develop-

ment and growth of the plant.

Fig. 6 Effect of AgNP applications in (in different concentrations

AgNP0, AgNP10, AgNP20, and AgNP40 mM) on main glycosides

(mg/g dry.w) level in leaves tissues of S. rebaudiana plants. The mean

values were obtained from three independent experiments.

*Significantly (P B 0.05) different according to LSD least significant

difference. In each column, means that have at least one letter in

common did not show any significance difference

524 Sugar Tech (May-June 2020) 22(3):518–527

123



Based on the results, treating stevia with AgNPs can be

a good strategy for enhancing its medicinal properties.

AgNP can act as elicitors and effectively increase the

transcription of key genes involved in stevia’s main path-

way of glycosides biosynthesis and subsequently increase

rebaudioside A and stevioside.

The transcription patterns of stevioside biosynthetic

genes varied with different treatments. Result of a study

shows that the transcription of KS1-1, KAH, and

UGT76G1 have no significant changes under PEG, GA,

and PBZ treatments (Hajihashemi et al. 2013). Kumar et al.

(2012) reported that there is no upregulation of KAH gene

in S. rebaudiana after treatment of plant with GA. There is

a positive correlation between KAH transcription and ste-

vioside accumulation (Kumar et al. 2012), which is rein-

forced by the results of this experiment and other previous

researches on stevioside content (Hajihashemi et al. 2012).

It can be proposed that change in KAH transcription affects

stevioside content by alterations in their precursors.

It was observed that both the treatments and stress can

affect the genes expression involved in the same biosyn-

thesis pathway and that leads to the more complicated

mechanism (Hajihashemi et al. 2012; Kumar et al. 2012).

It was established that transcription patterns of different

members of the same gene family act differently in dif-

ferent treated plants, and the same was reported by Song

et al. (2011) in maize treatment.

Our study reveals that expression of genes, in particular,

KAH gene, increased at 40 mM AgNP treatment, which

resulted in the increase in stevioside and rebaudioside

content, which was supported by HPLC measurement.

Hajihashemi et al. (2013) have reported that stevioside

and Rebaudiosid A content decreased in PBZ and PEG

treatments, but UGT74G1 transcription was not signifi-

cantly changed after treatments.

It can be concluded that change in content of stevioside

and rebaudiosid A is due to its precursor and UGT76G1

transcription after treatment with PBZ and PEG. Glyco-

syltransferase genes overexpression led to a significant

increase in their glycoside content (Jackson et al. 2001).

In our study, after treatment of AgNP, all studied gene

expressions were increased especially KAH, and these

results showed that every treatment has different actions in

plants.

We have observed that an increase in stevioside and

rebaudioside by AgNP treatments resulted in the same

positive effect on genes transcription and glycoside accu-

mulation. This investigation aimed to reveal a possible

correlation between the transcription of some genes

involved in glycosides biosynthesis and glycosides con-

tents in S. rebaudiana treated with AgNP.

There are major challenges for the production of sec-

ondary metabolites, and using AgNP as an elicitor proves

to be a promising method for producing rebaudioside A

and stevioside by triggering transcription level of main

genes in the biological synthesis pathway of its natural

form.
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