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Abstract
Osmotic stress is one of the main destructive abiotic factors that hinder plant growth and development. In this 
research, the role of silver nanoparticles (Ag NPs) in mitigating the negative impact of osmotic stress on in vitro 
grown Chenopodium quinoa (Quinoa 6 Line; Q6) was investigated to determine whether Ag NPs were able to reduce 
the negative effects on the in vitro grown cultures of the Q6 line. The explants were subcultured onto a special 
osmostressing media containing sucrose, sorbitol, or mannitol at different levels (0.1, 0.2, 0.3, and 0.4 mol/L) to 
mimic the osmotic stressing environment for four weeks. Then, stress physiological responses of in vitro grown 
Q6 under the induced osmotic stress were investigated to determine the highest stress level that the microshoots 
could tolerate. Next, Ag NPs; 25, 50, and 75 mg/L were added to the medium that contained the highest stress 
level of the induced osmotic stress to determine if their addition improved the physiological performance of the 
Q6 microshoots under the most severe osmotic agent levels. The results revealed that 0.4 mol/L sucrose, 0.3 mol/L 
sorbitol, and 0.3 mol/L mannitol were the highest stress levels that the microshoots could tolerate. The addition 
of 75 mg/L Ag NPs to the previous highest stress levels resulted in a significant increase in the following: stem 
length (SL), leaves number (LN), fresh weight (FW), dry weight (DW), total chlorophyll, protein, calcium (Ca), and 
phosphorus (P) contents, while it caused a reduction in proline, sodium (Na) ions, and potassium (K) ions. These 
results indicate that the negative consequences of osmotic stress on Q6 quinoa microshoots could be mitigated 
by adding specific concentrations of Ag NPs to the culture medium.
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resumo
O estresse osmótico é um dos principais fatores abióticos destrutivos que impedem o crescimento e o desenvolvimento 
das plantas. Nesta pesquisa, o papel das nanopartículas de prata (Ag NPs) na mitigação do impacto negativo do 
estresse osmótico em Chenopodium quinoa cultivado in vitro (Quinoa 6 Line; Q6) foi investigado para determinar 
se Ag NPs foram capazes de reduzir os efeitos negativos nas culturas cultivadas in vitro da linha Q6. Os explantes 
foram subcultivados em um meio especial de osmosestressante contendo sacarose, sorbitol ou manitol em diferentes 
níveis (0,1, 0,2, 0,3 e 0,4 mol/L) para simular o ambiente de estresse osmótico por quatro semanas. Em seguida, 
as respostas fisiológicas ao estresse de Q6 cultivado in vitro sob o estresse osmótico induzido foram investigadas 
para determinar o nível de estresse mais alto que os microbrotos poderiam tolerar. Em seguida, Ag NPs; 25, 50 e 
75 mg/L foram adicionados ao meio que continha o maior nível de estresse do estresse osmótico induzido para 
determinar se sua adição melhorou o desempenho fisiológico dos microbrotos Q6 sob os níveis mais severos de 
agente osmótico. Os resultados revelaram que 0,4 mol/L de sacarose, 0,3 mol/L de sorbitol e 0,3 mol/L de manitol 
foram os maiores níveis de estresse que os microbrotos puderam tolerar. A adição de 75 mg/L de Ag NPs aos 
maiores níveis de estresse anteriores resultou em um aumento significativo no seguinte: comprimento do caule 
(SL), número de folhas (LN), peso fresco (FW), peso seco (DW), clorofila total, proteína, cálcio (Ca) e teores de 
fósforo (P), enquanto causou uma redução nos íons prolina, sódio (Na) e potássio (K). Esses resultados indicam 
que as consequências negativas do estresse osmótico nos microbrotos de quinoa Q6 poderiam ser mitigadas pela 
adição de concentrações específicas de Ag NPs ao meio de cultura.

Palavras-chave: quinoa, cultura in vitro, microbrotos, estresse osmótico, nanopartículas.

Silver nanoparticles enhance the mitigation of osmotic stress 
in Chenopodium quinoa microshoots grown under in vitro 
osmo-stressing conditions
Nanopartículas de prata aumentam a mitigação do estresse osmótico em microbrotos 
de Chenopodium quinoa cultivados sob condições de estresse osmótico in vitro

R. Mohusaiena, R. Shiblia,b* , R. Abu-Zuraykb,c , R. Tahtamounid  and T. S. Al-Qudahb 
aUniversity of Jordan, Faculty of Agriculture, Department of Horticulture and Crop Sciences, Amman, Jordan
bThe University of Jordan, Hamdi Mango Center for Scientific Research, Amman, Jordan
cThe University of Jordan, The Nanotechnology Center, Amman, Jordan
dAl-Balqa Applied University, Princess Alia University College, Department of Applied Sciences, Salt, Jordan

*e-mail: r.shibli@ju.edu.jo
Received: May 22, 2024 – Accepted: August 14, 2024

https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-1475-1852
https://orcid.org/0000-0002-1072-1624
https://orcid.org/0000-0002-2731-4638
https://orcid.org/0000-0002-2186-8509


Brazilian Journal of Biology, 2024, vol. 84, e2868512/11

Mohusaien, R. et al.

nanoparticles (Ag NPs), were performed according to 
Shibli et al. (2022).

2.1.2. Osmotic agents and culture medium for Q6 quinoa 
microshoots grown in vitro

Microshoots were sub-cultured in Murashige and 
Skoog (MS) medium (without hormones) (Murashige 
and Skoog, 1962) that was supplemented with elevated 
levels of sucrose (0.1, 0.2, 0.3, and 0.4 mol/L), sorbitol 
(0, 0.1, 0.2, and 0.3 mol/L), and mannitol (0, 0.1, 0.2, and 
0.3 mol/L). The media were poured into 250 mL Erlenmeyer 
flasks (100 mL per flask). Then, 5 µm microshoots were 
transferred to the culture medium. Replications were 
performed five times, with each flask considered one 
replicate and containing 3 shoots per replicate. Data on 
microshoot length, fresh weight (FW), dry weight (DW), 
and number of leaves were collected after 4 weeks of 
culturing to determine the most tolerant stress level for 
each osmotic agent.

Next, the threshold levels of each osmotic agent 
were used to evaluate the influence of different Ag NP 
concentrations (25, 50, and 75 mg/L) on in vitro grown 
Q6 quinoa. These concentrations were added to the 
medium containing the highest tolerated stress level of 
each osmotic agent. After 4 weeks, 5 mm Q6 microshoots 
were transferred to MS medium supplemented with the 
highest tolerance levels of osmotic agents, which were 
sucrose (0.4 mol/L), sorbitol (0.3 mol/L), and mannitol 
(0.3 mol/L), separately. Ag NP concentrations were 
then added to the media (Table  1) following media 
sterilization. The media were aseptically filtered into 
each media bottle under continuous stirring before 
being poured into sterile 250 mL Erlenmeyer flasks 
(100 mL per flask). Replications were performed five 
times for each treatment, with each replicate containing 
3 microshoots. Finally, data were collected after 4 weeks 
of culturing. Data on microshoot length, fresh weight 
(FW), dry weight (DW), and number of leaves were 
organized after 4 weeks of culturing.

1. Introduction

Nanotechnology has gained the interest of scientists in 
plant tissue culture as it has been reported to boost growth 
in tissue-cultured plants. Several research-based studies 
have explored the utilization of nanoparticles (NPs) on 
in vitro-grown plants. For example, the addition of silver 
nanoparticles (Ag NPs) to the medium where Tecomella 
undulata was grown enhanced shoot number, shoot 
induction percentage, and callus formation (Aghdaei et al., 
2012).

Plant tissue culture is routinely used as a tool for 
studying stress physiology because it can focus on the 
targeted stress factor while neutralizing others, providing 
a better understanding of plant reactions to stress. Osmotic 
stress can be induced in the culture medium by adding 
osmotic agents such as sugars (Dubois and Inzé, 2020). 
This can be achieved by increasing the sugar level in the 
growth medium (Cui et al., 2010; Molassiotis et al., 2006; 
Lee and Huang, 2014; Snyman et al., 2019). Sugars such 
as sucrose, sorbitol, and mannitol have been found to 
decrease the water potential and availability to plants grown 
under laboratory conditions (Traversari et al., 2020). Many 
morphological and physiological characteristics of in vitro-
grown plants are negatively influenced by induced water 
stress and osmotic stress (Aliche et al., 2020). The extent 
of these alterations depends on several factors, such 
as the type of osmotic substances, their concentration, 
induction times, and the specific in vitro-grown plant 
species (Kiełkowska, 2017).

A few studies have confirmed better growth 
performance in tissue-cultured plants grown under abiotic 
stress conditions due to the addition of NPs. For instance, 
zinc nanoparticles were used to mitigate the adverse effects 
of salinity in cotton plants (Hussein and Abou-Baker, 2018). 
Zinc NPs lowered the phosphorus to zinc ratio in plant 
leaves, thereby providing protection from salinity (Hussein 
and Abou-Baker, 2018). Additionally, adding 2-10 mg/L of 
zinc oxide NPs to the culture medium enhanced quinoa 
plant growth (Al Gethami and El Sayed, 2020). 

These studies demonstrate a significant link 
between plant tissue culture and nanotechnology (AL-
Mohusaien  et  al., 2022; Shibli  et  al., 2022). Therefore, 
integrating biotechnology via in vitro growing of the 
Q6 quinoa line under induced osmotic stress conditions, 
and nanotechnology via Ag NPs, could be considered an 
attractive research scope. In this research, we studied the 
growth features and physiological responses of osmotically 
stressed quinoa (Q6 line) microshoots grown in vitro. 
Additionally, we examined whether adding different levels 
of silver NPs to the stressing mediums would improve the 
performance of the Q6 cultures under stress.

2. Material and Methods

2.1. Plant material

2.1.1. Plant micropropagation

The establishment and multiplication of plant material, 
as well as the synthesis and characterization of silver 

Table 1. The treatments that were used in the experiment.

Treatments Medium Description

0 Sucrose (0.4 mol/L) + 0.0 mg/L Ag NPs

1 Sucrose (0.4 mol/L) + 25 mg/L Ag NPs

2 Sucrose (0.4 mol/L) + 50 mg/L Ag NPs

3 Sucrose (0.4 mol/L) + 75 mg/L Ag NPs

4 Sorbitol (0.3 mol/L) + 0.0 mg/L Ag NPs

5 Sorbitol (0.3 mol/L) + 25 mg/L Ag NPs

6 Sorbitol (0.3 mol/L) + 50 mg/L Ag NPs

7 Sorbitol (0.3 mol/L) + 75 mg/L Ag NPs

8 Mannitol (0.3 mol/L) + 0.0 mg/L Ag NPs

9 Mannitol (0.3 mol/L) + 25 mg/L Ag NPs

10 Mannitol (0.3 mol/L) + 50 mg/L Ag NPs

11 Mannitol (0.3 mol/L) + 75 mg/L Ag NPs
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2.2. Silver NPs formation and characterization

2.2.1. Silver NPs formation and characterization

The synthesis and characterization of silver nanoparticles 
(Ag NPs) were performed according to Shibli et al. (2022).

2.3. Assessments of plant physiological responses

2.3.1. Chlorophyll pigment content

The chlorophyll pigment content, including chlorophyll 
a (Chl a), chlorophyll b (Chl b), and total chlorophyll (Total 
Chl), was evaluated spectrophotometrically as described 
by Arnon (1949).

2.3.2. Proline determination

Proline content was determined on a fresh weight 
basis with modifications. The absorbance was measured 
at 520 nm using a BIO-RAD UV/Visible Spectrophotometer 
(Bates et al., 1973).

2.3.3. Protein content

The protein content was determined spectrophotometrically 
at a wavelength of 660 nm according to Lowry et al. (1951), 
with some modifications.

2.3.4. Determination of calcium, phosphorus, sodium, and 
potassium

The dried plant material from in vitro-cultured plants 
was weighed for the determination of calcium (Ca) and 
phosphorus (P) through acid digestion (Jones Junior, 
1984). Mineral content was analyzed using an inductively 
coupled plasma optical emission spectrometer. Sodium 
(Na) and potassium (K) ions were measured using a 
flame photometer (Jenway Flame Photometer PFP7, 230V, 
50/60Hz). Results were expressed on a dry weight basis.

2.4. Statistical design

A completely randomized design (CRD) was used 
for all treatments in each experiment. There were five 
replicates for the growth parameters and three replicates 
for the determination of plant physiological responses. 
Data were analyzed using SAS software for Windows 
Version 9.2 (SAS Institute Inc., 2004). Analysis of variance 
(ANOVA) and standard error were used for result analysis. 
Mean separation was performed using Tukey’s Honestly 
Significant Difference (HSD) test with a probability level 
of 0.05.

3. Results

3.1. The impact of osmoticum on quinoa microshoot 
growth

Quinoa growth parameters were affected by different 
types and levels of osmoticum. Our results indicated a 
significant decrease in microshoot length, fresh weight 
(FW), dry weight (DW), and number of leaves at elevated 
levels of sucrose, sorbitol, and mannitol (Table  2). 
For example, shoot length decreased significantly with 
increasing levels of sucrose, sorbitol, and mannitol 
compared to the control treatment (3.20 cm). A significant 
adverse effect of osmotic stress on the number of leaves 
was observed (P ≤ 0.05) (Table 2). Additionally, the highest 
levels of 0.4 mol/L sucrose, 0.3 mol/L sorbitol, and 0.3 mol/L 
mannitol resulted in reductions in fresh and dry weights. 
Specifically, the highest levels of sucrose (0.4 mol/L), sorbitol 
(0.3 mol/L), and mannitol (0.3 mol/L) significantly reduced 
FW to 1.10 g, 1.10 g, and 1.08 g, respectively, compared to 
the control treatment (0.1 mol/L sucrose) which had a FW 
of 1.75 g (Table 2).

Table 2. The Impact of Osmotic Agent Levels on Q6 Microshoot Length, FW, DW, and Leaf Number.

Osmotic levels mol/L length(cm) Leaf number FW (mg) DW (mg)

0.1 sucrose 3.03a* 7.40a 297.6a 176.8a

0.2 sucrose 2.13bc 7.20ab 186.6abc 13.22ab

0.3 sucrose 1.75cd 6.50ab 143.3bc 9.408bcd

0.4 sucrose 1.22de 5.90abc 151.0bc 9.57bcd

0.1 sorbitol 2.33b 6.60ab 201.5ab 11.98abc

0.2 sorbitol 1.78c 5.70abc 132.0bc 7.732bcd

0.3 sorbitol 1.16e 4.70bc 83.8c 5.452d

0.1 mannitol 1.91bc 6.10abc 136.4bc 9.376bcd

0.2 mannitol 1.80bc 5.70abc 103.9bc 6.795bcd

0.3 mannitol 1.06e 3.90c 98.7bc 5.80cd

P- values

TRT <.0001 0.1874 <.0001 <.0001

Sugar <.0001 <.0001 <.0001 <.0001

TRT*Sugar 0.0026 0.1535 0.5542 0.6011

*Means within the columns characterized by the same letter were not different significantly at the P ≤ 0.05 (according to the Tukeys HSD).
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3.1.1. The addition of Ag NPs to the highest level of osmotic 
agents on microshoot growth

The growth parameters of microshoots were influenced 
by different concentrations of silver nanoparticles (Ag NPs) 
when they were incorporated with the highest osmotic level 
in the nutrient medium. The results revealed a significant 
impact of various concentrations of silver nanoparticles 
added to the highest osmotic level for each 0.4 M sucrose, 
0.3 M sorbitol, and 0.3 M mannitol. For instance, the 
addition of 75 mg/L Ag NPs to 0.4 M sucrose, 0.3 M sorbitol, 
and 0.3 M mannitol significantly increased shoot length 
compared with the highest osmotic levels alone (Table 2). 
Furthermore, there was an increase in the number of 
leaves in microshoots subjected to various levels of Ag 
NPs compared to the control treatment. The highest leaf 
numbers, 8.8 and 8.6, were recorded with 0.3 mol/L sorbitol 
+ 50 mg/L Ag NPs and 0.3 mol/L sorbitol + 75 mg/L Ag NPs, 
respectively (Table 3). Regarding plant fresh weight (FW) 
and dry weight (DW), both increased significantly with 
the increasing levels of Ag NPs. Adding 75 mg/L of Ag NPs 
to 0.4 mol/L sucrose, 0.3 mol/L sorbitol, and 0.3 mol/L 
mannitol caused an increase in FW and DW compared 
with the highest osmotic levels alone (Table 3).

3.2. Effect of osmoticum on microshoot physiological 
responses before and after adding Ag NPs

3.2.1. Effect on chlorophyll content

The physiological parameters of the quinoa plant were 
impacted by various levels of osmotic stress. For instance, 
the amounts of chlorophyll a decreased to 0.12743 mg/g, 
0.14831 mg/g, and 0.13658 mg/g in 0.4 mol/L sucrose and 
0.3 mol/L mannitol, respectively, compared to 0.39385 mg/g 
obtained under the control treatment (0.1 mol/L sucrose) 

(Table  4). Significant differences were observed in the 
leaf chlorophyll a content according to the type of 
osmotic agents (Table 4). The lowest mean values were 
0.12743 mg/g and 0.13658 mg/g recorded at 0.4 mol/L 
sucrose and 0.3 mol/L mannitol, respectively (Table 4). 
Similarly, increasing osmotic levels adversely affected the 
chlorophyll b content in quinoa leaves. The lowest mean 
values of chlorophyll b, 0.06507 mg/g and 0.07102 mg/g, 
were obtained at 0.4 mol/L sucrose and 0.3 mol/L mannitol, 
respectively (Table 4). The highest value, 0.39385 mg/g, was 
obtained under the control treatment of 0.1 mol/L sucrose. 
The amounts of total chlorophyll in the tested line were 
lowered by increasing osmotic stress. The lowest mean 
value, 0.19214 mg/g, was attained at 0.4 mol/L sucrose, 
while the highest value, 1.37090 mg/g, was acquired 
under the control treatment of 0.1 mol/L sucrose (Table 4). 
In contrast, exposing quinoa microshoots to different levels 
of Ag NPs resulted in a gradual increase in the content of 
chlorophyll a in the leaves. The highest value of chlorophyll 
a, 0.5639 mg/g, was observed at 0.4 mol/L sucrose + 75 mg/L 
Ag NPs, and the lowest values, 0.1328 mg/g, 0.1723 mg/g, 
and 0.1358 mg/g, were recorded at 0.4 mol/L sucrose, 
0.3 mol/L sorbitol, and 0.3 mol/L mannitol, respectively, 
with 0.0 mg/L Ag NPs treatment (Table 5). Increasing Ag 
NP levels positively affected the chlorophyll b content 
in quinoa leaves. The data revealed that the amount of 
total chlorophyll in the leaves increased significantly with 
increasing Ag NP levels in the nutrient medium (Table 5).

3.2.2. Effect on protein and proline

According to our data, the highest mean value of 
protein content (49.10 mg/g) was obtained at 0.1 mol/L 
sucrose, while the lowest value of protein (15.50 mg/g) 
was observed at 0.3 mol/L mannitol (Table 6). In general, 

Table 3. The Impact of Ag NP Levels on Q6 Microshoot Length, FW, DW, and Leaf Number.

Highest Osmotic levels mol/L +Ag NPs mg/L Length (cm) Leaf Number FW (mg) DW (mg)

0.4 sucrose 1.22e* 5.70def 151.0cde 9.5def

0.4 sucrose +25 Ag NPs 2.45cd 6.40cde 178.4bc 11.0bcde

0.4 sucrose +50 Ag NPs 2.98abc 6.60bcde 271.3a 14.6abcd

0.4 sucrose +75 Ag NPs 3.52a 7.90abc 270.9a 16.45ab

0.3 sorbitol 1.16e 3.90f 83.8e 5.45f

0.3 sorbitol + 25 Ag NPs 2.16d 5.00ef 134.8cde 10.0cdef

0.3 sorbitol +50 Ag NPs 3.17abc 8.60ab 248.8ab 157.6ab

0.3 sorbitol +75 Ag NPs 3.58a 8.80a 262.6a 152.1abc

0.3 mannitol 1.06e 5.10ef 98.7de 58.0ef

0.3 mannitol +25 Ag NPs 2.40cd 5.70def 153.2cde 11.3bcd

0.3 mannitol +50 Ag NPs 2.74bcd 6.40cde 163.2cd 9.9cdef

0.3 mannitol +75 Ag NPs 3.35ab 7.30abcd 297.9a 16.9a

P-values

TRT <.0001 <.0001 <.0001 <.0001

*Means in the same columns characterized by the same letter were not different significantly at the P ≤ 0.05 probability levels (according to 
the Tukeys HSD).
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osmotic stress caused an increase in proline levels in the 
explants, with proline levels tending to increase with 
higher sucrose, sorbitol, and mannitol concentrations in 
the medium, as shown in Table 6. The highest mean values 
of proline content (67.64, 66.07, and 58.14 µmol/g) were 
obtained at osmotic levels of 0.4 mol/L sucrose, 0.3 mol/L 
mannitol, and 0.3 mol/L sorbitol, respectively. The lowest 

value of proline was 0.67 mmol/kg at 0.1 mol/L sucrose 
(Table 6). Data in Table 7 indicated an improvement in 
protein and proline results due to the presence of silver 
nanoparticles. The highest protein content (49.1 mg/g) 
was recorded in explants treated with 0.3M  mannitol 
plus 0.75 g NPs, while the maximum proline level was 
obtained in explants treated with 0.4 M sucrose (Table 7).

Table 4. The Content of Chlorophyll a, Chlorophyll b, and Total Chlorophyll for Q6 Microshoots (FW Basis) Under Different Osmotic Levels.

Osmotic Agent Level (mol/L) Chl a (mg/g FW) Chl b (mg/g FW) Total Chl (mg/g FW)

0.1 sucrose 0.97946 a* 0.39385 a 1.37090 a

0.2 sucrose 0.50384 b 0.36973 a 0.87180 b

0.3 sucrose 0.36618 cd 0.17136 de 0.53656 cd

0.4 sucrose 0.12743 g 0.06507 f 0.19214 e

0.1 sorbitol 0.40286 c 0.35851 ab 0.75975 b

0.2 sorbitol 0.29128 de 0.23131 cd 0.52151 cd

0.3 sorbitol 0.14831 fg 0.09155 ef 0.23939 e

0.1 mannitol 0.33062 cd 0.28060 bc 0.60993 c

0.2 mannitol 0.22585 ef 0.19128 d 0.41624 d

0.3 mannitol 0.13658 g 0.07102 f 0.20721 e

P- values

TRT <.0001 <.0001 <.0001

Sugar <.0001 <.0001 <.0001

TRT*Sugar <.0001 0.0432 <.0001

*Means in the same columns characterized by the same letter were not different significantly at the P ≤ 0.05 probability levels according to the 
Tukeys HSD.

Table 5. Effect of the highest osmotic levels with different levels of silver NPs on the content of chlorophyll a, chlorophyll b, and total 
chlorophyll to Q6 microshoots.

Highest Osmotic levels 
mol/L +Ag NPs (g/L)

Chl a (mg/g FW) Chl b (mg/g FW) Total Chl (mg/g FW)

0.4 sucrose 0.1328 f* 0.06308 d 0.19555 h

0.4 sucrose +25 Ag NPs 0.3393 bc 0.19259 c 0.53089 cd

0.4 sucrose +50 Ag NPs 0.3742 b 0.33781 b 0.71052 b

0.4 sucrose +75 Ag NPs 0.5639 a 0.48504 a 1.0467 a

0.3 sorbitol 0.1723 ef 0.08015 d 0.25201 fgh

0.3 sorbitol + 25 Ag NPs 0.1919 def 0.15587 c 0.34614 ef

0.3 sorbitol +50 Ag NPs 0.2643 cd 0.26886 b 0.53196 cd

0.3 sorbitol +75 Ag NPs 0.3880 b 0.33949 b 0.72597 b

0.3 mannitol 0.1358 f 0.06912 d 0.20452 gh

0.3 mannitol +25 Ag NPs 0.1730 ef 0.16616 c 0.33841 efg

0.3 mannitol +50 Ag NPs 0.2463 de 0.18997 c 0.43533 de

0.3 mannitol +75 Ag NPs 0.3473 bc 0.28744 b 0.63338 bc

P-values

TRT <.0001 <.0001 <.0001

*Means within the columns characterized by the same letter were not different significantly at the P ≤ 0.05 probability levels according to the 
Tukeys HSD.



Brazilian Journal of Biology, 2024, vol. 84, e2868516/11

Mohusaien, R. et al.

3.2.3. Effect on ion content

Regarding ion contents, a significant decline in calcium 
(Ca) and phosphorus (P) was observed as the osmotic levels 
in the media were elevated (Figure 1). On the other hand, 
sodium (Na) content was significantly affected by osmotic 
stress; increasing the concentrations of sucrose, sorbitol, 
and mannitol resulted in higher Na content (Figure 1). 
Elevated levels of Na+ were reported to play a significant 
role in plant adaptation to osmotic stress by altering the 
biosynthesis of osmolytes and osmoprotectants such as 
proline.

Meanwhile, potassium (K) content in both shoots and 
roots decreased as the concentrations of sucrose, sorbitol, 
and mannitol increased. The highest potassium levels were 
obtained with 0.1 mol/L sucrose, 0.2 mol/L sucrose, and 
0.1 mol/L sorbitol, while the lowest potassium content 
was found at 0.3 mol/L mannitol (Figure 1). Conversely, 
our results revealed a notable enhancement in ion content 
after the addition of silver nanoparticles (AgNPs) (Figure 2).

4. Discussion

According to our data, the microshoots showed better 
growth performance when exposed to sucrose compared 
to sorbitol or mannitol (Table 2). This can be related to 
the fact that plants grown in vitro are highly influenced 
by the type of carbon source and other components in the 
culture medium (Du et al., 2012).

The reduction in growth in response to high sugar levels 
in the media was also observed by Kulpa et al. (2018), 
who revealed that when sorbitol was added to the culture 
medium at a concentration of 200 mmol/L, it caused growth 
inhibition and dry matter reduction (Kulpa et al., 2018). 
The induction of mannitol at 150 and 200 mmol/L in the 
culture medium of in vitro-grown soybean (Glycine max 
L.) caused growth inhibition. Many reports indicate that 
elevated levels of sorbitol in the culture medium of in vitro-
grown plants can reach toxic levels because carbohydrates 
accumulate continuously in the cells (Tahtamouni et al., 
2001; Moges et al., 2003; Shibli et al., 2001; El-Homosany 
and Noor El-Deen, 2019). This can be attributed to the fact 
that sucrose, sorbitol, and mannitol are sugar alcohols. 
The addition of these agents to the culture medium can 
restrict the available water to the explant and decrease 
the water potential (Shibli et al., 2001; Du et al., 2012; 
Taiz et al., 2015). Hence, they act in the culture medium 
as both sources of carbon and osmotic stressors that can 
lower the water potential and the available water to the 
in vitro-grown plants (Shibli et al., 2001).

We observed a significant increase in the measured 
parameters when subjected to 75 mg/L AgNPs under the 
highest levels of sucrose, sorbitol, and mannitol (Table 3). 
Our results are consistent with those of Aghdam et al. 
(2016) and Azmat et al. (2020). It was found that TiO2 NPs 
significantly improve the agronomical parameters of wheat 
under water-deficient stress conditions (Jaberzadeh et al., 
2013). The application of appropriate concentrations of 
TiO2 NPs to flaxseed (Linum usitatissimum L.) plants under 
water stress significantly increased plant tolerance and 
improved physiological processes (Aghdam et al., 2016). 

Table 6. Protein content and proline content of quinoa Q6 
microshoots under various osmotic levels.

Osmotic agents 
level mol/L

Content of 
Protein

(mg/g FW)

Content of 
Proline

(mmol/kg FW)

0.1 sucrose 49.10a* 0.67c

0.2 sucrose 42.10b 19.44b

0.3 sucrose 34.44c 32.32b

0.4 sucrose 25.62d 67.64a

0.1 sorbitol 44.10b 21.75b

0.2 sorbitol 22.35e 28.77b

0.3 sorbitol 21.22e 58.14a

0.1 mannitol 44.10b 25.48b

0.2 mannitol 22.53e 31.61b

0.3 mannitol 15.50f 66.07a

P-values

TRT <.0001 <.0001

Sugar <.0001 <.0001

TRT*Sugar <.0001 0.0102

*Means in the same columns characterized by the same letter 
were not different significantly at the P ≤ 0.05 probability levels. 
According to the Tukeys HSD

Table 7. Effect of Ag NPs on protein and proline content of quinoa 
Q6 microshoot.

Highest osmotic 
levels mol/L +Ag 

NPs mg/L

Content of 
Protein

(mg/g FW)

Content of 
Proline (µmol/g 

FW)

0.4 sucrose 27.68 fg* 67.64 a

0.4 sucrose +25 
Ag NPs

31.10 ef 12.21 b

0.4 sucrose +50 
Ag NPs

33.16 de 11.11 b

0.4 sucrose +75 
Ag NPs

49.10 a 9.85 b

0.3 sorbitol 25.80 g 58.14 a

0.3 sorbitol + 25 
Ag NPs

38.19 c 12.32 b

0.3 sorbitol +50 
Ag NPs

45.53 ab 11.62 b

0.3 sorbitol +75 
Ag NPs

44.10 b 9.65 b

0.3 mannitol 28.80 efg 66.07 a

0.3 mannitol +25 
Ag NPs

36.53 cd 13.32 b

0.3 mannitol +50 
Ag NPs

43.22 b 12.09 b

0.3 mannitol +75 
Ag NPs

49.10 a 10.98 b

P-values

TRT <.0001 <.0001

*Means in the same columns characterized by the same letter 
were not different significantly at the P ≤ 0.05 probability levels. 
According to the Tukeys HSD.
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The growth characteristics of maize subjected to TiO2 NPs 
under water stress were significantly enhanced in a 
dose-dependent manner (Yaqoob et al., 2020). A previous 
report demonstrated that Araucaria excelsa grown in MS 
medium induced with AgNPs exhibited adequate growth 
and maintained their green color compared to MS medium 
without AgNPs (Sarmast and Salehi, 2016).

Recently, findings on the micropropagation of Tecomella 
undulata (Roxb.) Seem revealed that culture vessels 
containing ethylene during its in vitro growth resulted 
in a lower number of leaves and reduced chlorophyll 
content. Meanwhile, the addition of AgNPs to the MS 
medium of T. undulata increased the mean number of 
shoots and their length, as well as the survival rate (Saha 
and Gupta, 2018). Saha and Gupta (2018) noted that the 
presence of AgNPs in the culture medium enhances plant 
growth by significantly reducing ethylene production 

in the culture vessels. Thus, the enhancement effects of 
AgNPs observed in our results can be attributed to their 
impact on ethylene action (Sarmast et al., 2015). Ethylene, 
present in the gaseous state under ambient conditions, 
can adversely impact microshoot growth and development 
due to limited space in sealed vessels (Taiz et al., 2015; 
Sarmast et al., 2015). Nano-sized silver acts as an effective 
inhibitor of ethylene, suppressing its action due to its 
higher surface area-to-mass ratio and physiochemical 
properties (Lin  et  al., 2009; Taiz  et  al., 2015). Another 
explanation for our findings is that plants typically 
develop a defense system in response to oxidative damage 
and stress conditions, including enhanced antioxidant 
enzyme activity. It was found that AgNPs induction to 
the culture medium significantly elevated redox enzyme 
activity in the shoots and roots of Lycopersicon esculentum 
(Mehrian et al., 2016). Similarly, a remarkable increase in 

Figure 1. Effect of different level of osmotic stress on ion content; Ca, P, K, and Na. Lowercase letters represent the degree of significance 
of the means of ion content. Means of the bars with same letter are not significantly different at the P ≤ 0.05 probability levels.

Figure 2. Effect of different Ag NPs levels on ion contents; Ca, P, K, and Na of Q6 Quinoa plantlets. Lowercase letters represent the 
degree of significance of the means of ion content after adding NPs. Means of the bars with same letter are not significantly different 
at the P ≤ 0.05 probability levels.
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dry weight (DW) and redox enzyme activity was observed 
in Triticum aestivum L. plants treated with AgNPs under heat 
stress conditions (Iqbal et al., 2019). Saha and Gupta (2018) 
reported that AgNPs induced in vitro cultures of Swertia 
chirata enhanced growth by activating antioxidant enzymes, 
which subsequently stimulated shoot proliferation and 
increased the number of shoots per explant. Ali et al. (2019) 
suggested that AgNPs act as chemical elevators affecting 
cell growth and secondary metabolite production. Thus, 
plants activate their antioxidant mechanisms to cope with 
stressful conditions. Recent studies have shown that AgNPs, 
especially, induce the activation of antioxidant enzyme-
producing genes in response to abiotic stress (Kaveh et al., 
2013; Nair and Chung, 2014). Our results suggest that 
AgNPs induction in the in vitro culture medium has the 
potential to activate antioxidant enzymes and scavenge 
free radicals as a defense mechanism (Jadczak et al., 2020).

4.1. Effect of osmoticum on microshoots physiological 
responses before and after adding AgNPs

4.1.1. Effect on chlorophyll content

Reduction in chlorophyll content can be attributed 
to several factors. One possible cause is the activation of 
chlorophyllase, an enzyme induced under osmotic stress 
and other stress conditions (Britto et al., 2003). Osmotic 
agents may elevate growth inhibitory substances, initiating 
signaling events related to stress response pathways and 
gene expression (Zou et al., 2010). For instance, abscisic acid 
(ABA) degrades chlorophyll by stimulating chlorophyllase, 
one of the chlorophyll-degrading enzymes (Bhusal et al., 
2019). These findings align with those of Aghaie et al. (2018), 
Iqbal et al. (2018), Chaudhry et al. (2021), Muhammad et al. 
(2021) and Tafreshi et al. (2021). Our results imply that 
chlorophyll content decreased due to osmotic stress, while 
AgNPs alleviated this adverse impact (Tables 4 and 5) either 
by enhancing plant growth or increasing nutrient uptake 
(Naumann et al., 2008). Nanoparticles positively impacted 
chlorophyll content, possibly by reducing the uptake of Na+ 
and other toxic ions (Shakeel Ahmed et al., 2016). In contrast, 
Thiruvengadam et al. (2015) found no significant effect of 
AgNPs on total chlorophyll content at lower concentrations 
(1.0 mg/L), while higher concentrations of AgNPs led to 
a significant reduction in total chlorophyll (Dewez et al., 
2018). ZnO-NPs have been suggested to increase chlorophyll 
content and improve photosynthetic pigment efficiency, 
enhancing the photosynthesis rate (Narendhran  et  al., 
2016). This may be due to NPs amplifying the efficiency of 
the photosynthetic process, promoting light absorption by 
chlorophyll and transferring energy to NPs (Mohsenzadeh 
and Moosavian, 2017).

4.1.2. Effect on proline and protein content

Proline can act as either a signaling molecule or a 
regulatory molecule, stimulating various responses to 
adapt and cope with stress conditions (Maggio et al., 2002). 
Ngara  et  al. (2018) used sorbitol treatments to induce 
osmotic stress in Sorghum (Sorghum bicolor L. Moench) and 
found an overall increase in protein secretion. Conversely, 
Jain et al. (2010) reported that different concentrations of 

sorbitol significantly decreased chlorophyll a, chlorophyll 
b, and protein content in Zea mays seedlings. On the 
other hand, using AgNPs significantly increased protein 
content and decreased proline concentrations in stressed 
plantlets, attributed to the amelioration role of AgNPs 
under stress conditions (Jasim et al., 2017). Other studies 
have shown that NPs positively affect plant cells under 
stress by improving their ability to cope with abiotic 
stress (Alabdallah  et  al., 2021; Faizan  et  al., 2021; van 
Nguyen et al., 2022; Rajput et al., 2021; Singh et al., 2021). 
In our study, AgNPs played an effective role in mitigating 
osmotic stress and improving overall plant condition. This 
effect may be due to their capacity to inhibit ethylene 
signaling (Mahendran et al., 2019). Ethylene production 
harms plant cells by deactivating auxin translocation, 
increasing acidity, and eventually causing cell death. 
Ag+ ions compete with ethylene for binding sites, thereby 
blocking ethylene production (Qin et al., 2005).

4.1.3. Effect on ion content

There was a significant general reduction in nutrient 
contents, namely Ca and P (Figure 1). This can be attributed 
to disturbances in ion acquisition under osmotic stress, 
as high concentrations of osmotic agents in the nutrient 
medium obstruct the absorption of essential plant 
nutrients (mineral elements necessary for growth). This 
is particularly evident between potassium (K) and sodium 
(Na); as one increases, the plant’s ability to absorb the 
other decreases (Abbas et al., 2021; Amini and Ehsanpour, 
2005; Aghaie et al., 2018). Lower levels of Ca, P, and K+ 
in response to elevated levels of sucrose, sorbitol, and 
mannitol were also reported by Slama et al. (2007), who 
noted that mannitol uptake by cells mitigates the osmotic 
gradient of the medium. The remarkable enhancement of 
ion content after adding AgNPs was observed (Figure 2). 
This is likely due to the ability of AgNPs to enhance stress 
tolerance in plants by increasing nutrient absorption and 
improving enzyme reactions (Zarei and Ehsanpour, 2023). 
Similar results were obtained by several publications 
(Abasi et al., 2022; Şener and Saygi, 2023).

These studies demonstrate a significant link 
between plant tissue culture and nanotechnology (AL-
Mohusaien et al., 2022; Shibli  et al., 2022; Al Gethami 
and El Sayed, 2020; Aghdam  et  al., 2016). Therefore, 
integrating biotechnology via in vitro growing of the 
Q6 quinoa line under induced osmotic stress conditions, 
and nanotechnology via Ag NPs, could be considered an 
attractive research scope. In this research, we studied the 
growth features and physiological responses of osmotically 
stressed quinoa (Q6 line) microshoots grown in vitro. 
Additionally, we examined whether adding different levels 
of silver NPs to the stressing mediums would improve the 
performance of the Q6 cultures under stress.

5. Conclusions

The growth features and physiological responses of 
quinoa (Q6 line) microshoots grown in vitro were adversely 
affected under osmotic stress conditions. Examining 
different levels of silver NPs in the stress mediums improved 
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the performance of the Q6 culture under stress conditions. 
Quinoa microshoots grown in high sugar-containing media 
to induce osmotic stress exhibited reduced growth and 
altered physiological responses. However, the impacts 
of osmotic stress were alleviated by using specific levels 
of silver NPs. The specific level of silver NPs (75 mg/L) 
significantly influenced plant growth and mitigated the 
adverse effects of induced stresses. The concentrations 
of AgNPs used (75 mg/L) significantly improved plant 
growth and growth indicators (shoot length, leaf number, 
fresh weight, and dry weight) compared to the stress 
treatments alone. For physiological indicators, the AgNPs 
concentrations used led to a significant increase in 
chlorophyll content, protein, Ca, P, and K content, while 
decreasing proline and measured ions (Na) compared to 
stress treatments. Thus, the use of silver NPs holds great 
potential for mitigating the negative impacts of stress on 
quinoa plants and improving growth and physiological 
responses. Further research is recommended to study the 
influence of AgNPs on quinoa plant quality and yield, as 
well as to explore the uptake capacity and permissible 
limits of AgNPs for other plant species.

References

ABASI, F., RAJA, N.I., MASHWANI, Z.U.R., AMJAD, M.S., EHSAN, M., 
MUSTAFA, N., HAROON, N. and PROĆKÓW, J., 2022. Biogenic 
silver nanoparticles as a stress alleviator in plants: a mechanistic 
overview. Molecules, vol. 27, no. 11, pp. 3378. http://doi.
org/10.3390/molecules27113378. PMid:35684312.

ABBAS, S., AMNA, JAVED, M.T., ALI, Q., AZEEM, M. and ALI, S., 2021. 
Nutrient deficiency stress and relation with plant growth and 
development. In: S. FAHAD, O. SÖNMEZ, S. SAUD, D. WANG, C. 
WU, M. ADNAN, M. ARIF and AMANULLAH, eds. Engineering 
tolerance in crop plants against abiotic stress. Boca Raton: CRC 
Press, pp. 239-262. http://doi.org/10.1201/9781003160717-12.

AGHAIE, P., TAFRESHI, S.A.H., EBRAHIMI, M.A. and HAERINASAB, 
M.T.T., 2018. Tolerance evaluation and clustering of fourteen 
tomato cultivars grown under mild and severe drought 
conditions. Scientia Horticulturae, vol. 232, pp. 1-12. http://
doi.org/10.1016/j.scienta.2017.12.041.

AGHDAEI, M., SARMAST, M.K. and SALEHI, H., 2012. Effects of 
silver nanoparticles on Tecomella undulata (Roxb.) Seem. 
micropropagation. Journal of Nanoscience and Nanotechnology, 
vol. 26, no. 1, pp. 21-24.

AGHDAM, M.T.B., MOHAMMADI, H. and GHORBANPOUR, M., 
2016. Effects of nanoparticulate anatase titanium dioxide 
on the physiological and biochemical performance of Linum 
usitatissimum (Linaceae) under well-watered and drought 
stress conditions. Revista Brasileira de Botanica. Brazilian Journal 
of Botany, vol. 39, no. 1, pp. 139-146. http://doi.org/10.1007/
s40415-015-0227-x.

AL GETHAMI, F.R. and EL SAYED, H.E.S.A., 2020. Assessment of various 
concentrations of ZnO nanoparticles on micropropagation 
for Chenopodium quinoa willd. Journal of Advances in Biology 
& Biotechnology, vol. 23, pp. 33-42. http://doi.org/10.9734/
jabb/2020/v23i630162.

AL ICHÉ, E.B., THEEUWEN, T.P., OORTWIJN, M., VISSER, R.G. and VAN 
DER LINDEN, C.G., 2020. Carbon partitioning mechanisms in 
potato under drought stress. Plant Physiology and Biochemistry, 
vol. 146, pp. 211-219. http://doi.org/10.1016/j.plaphy.2019.11.019. 
PMid:31756607.

ALABDALLAH, N.M., HASAN, M.M., HAMMAMI, I., ALGHAMDI, A.I., 
ALSHEHRI, D. and ALATAWI, H.A., 2021. Green synthesized metal 
oxide nanoparticles mediate growth regulation and physiology 
of crop plants under drought stress. Plants, vol. 10, no. 8, pp. 
1730. http://doi.org/10.3390/plants10081730. PMid:34451775.

ALI, A., MOHAMMAD, S., KHAN, M.A., RAJA, N.I., ARIF, M., KAMIL, 
A. and MASHWANI, Z.U.R., 2019. Silver nanoparticles elicited 
in vitro callus cultures for accumulation of biomass and 
secondary metabolites in Caralluma tuberculata. Artificial Cells, 
Nanomedicine, and Biotechnology, vol. 47, no. 1, pp. 715-724. 
http://doi.org/10.1080/21691401.2019.1577884. PMid:30856344.

AL-MOHUSAIEN, R.M., SHIBLI, R.A., ABU-ZURAYK, R.A., AL-QUDAH, 
T.S. and TAHTAMOUNI, R., 2022. An outlook on the Chenopodium 
quinoa Willd (Quinoa) plant and the role of the in vitro culture 
and nanotechnology in mitigation of salinity stress: a review. 
Jordan Journal of Agricultural Sciences, vol. 18, no. 1, pp. 17-27. 
http://doi.org/10.35516/jjas.v18i1.101.

AMINI, F. and EHSANPOUR, A.A., 2005. Soluble proteins, proline, 
carbohydrates, and Na+/K+ changes in two tomato (Lycopersicon 
esculentum Mill.) cultivars under in vitro salt stress. American 
Journal of Biochemistry and Biotechnology, vol. 1, no. 4, pp. 212-
216. http://doi.org/10.3844/ajbbsp.2005.212.216.

ARNON, D.I., 1949. Copper enzymes in isolated chloroplasts. 
Polyphenoloxidase in Beta vulgaris. Plant Physiology, vol. 24, 
no. 1, pp. 1-15. http://doi.org/10.1104/pp.24.1.1. PMid:16654194.

AZMAT, A., YASMIN, H., HASSAN, M.N., NOSHEEN, A., NAZ, R., SAJJAD, 
M., ILYAS, N. and AKHTAR, M.N., 2020. Co-application of bio-
fertilizer and salicylic acid improves growth, photosynthetic 
pigments, and stress tolerance in wheat under drought 
stress. PeerJ, vol. 8, e9960. http://doi.org/10.7717/peerj.9960. 
PMid:33194369.

BATES, L.S., WALDREN, R.P. and TEARE, I.D., 1973. Rapid 
determination of free proline for water-stress studies. Plant 
and Soil, vol. 39, no. 1, pp. 205-207. http://doi.org/10.1007/
BF00018060.

BHUSAL, N., HAN, S.G. and YOON, T.M., 2019. Impact of drought 
stress on photosynthetic response, leaf water potential, and 
stem sap flow in two cultivars of bi-leader apple trees (Malus × 
domestica Borkh.). Scientia Horticulturae, vol. 246, pp. 535-543. 
http://doi.org/10.1016/j.scienta.2018.11.021.

BRITTO, S.J., NATARAJAN, E. and AROCKIASAMY, D.I., 2003. In 
vitro flowering and shoot multiplication from nodal explants 
of Ceropegia bulbosa Roxb. var. bulbosa. Taiwania, vol. 48, pp. 
106-111.

CHAUDHRY, U.K., JUNAID, M.D. and GÖKÇE, A.F., 2021. Influence of 
environmental adversities on physiological changes in plants. In: 
S. FAHAD, O. SONMEZ, S. SAUD, D. WANG, C. WU, M. ADNAN and 
V. TURAN, eds. Developing climate-resilient crops. Boca Raton: CRC 
Press, pp. 85-110. http://doi.org/10.1201/9781003109037-5-5.

CUI, X.H., MURTHY, H.N., WU, C.H. and PAEK, K.Y., 2010. Sucrose-
induced osmotic stress affects biomass, metabolite, and 
antioxidant levels in root suspension cultures of Hypericum 
perforatum L. Plant Cell, Tissue and Organ Culture, vol. 103, no. 
1, pp. 7-14. http://doi.org/10.1007/s11240-010-9747-z.

DEWEZ, D., GOLTSEV, V., KALAJI, H.M. and OUKARROUM, A., 2018. 
Inhibitory effects of silver nanoparticles on photosystem II 
performance in Lemna gibba probed by chlorophyll fluorescence. 
Current Plant Biology, vol. 16, pp. 15-21. http://doi.org/10.1016/j.
cpb.2018.11.006.

DU, Y., LI, W., ZHANG, M., HE, H. and JIA, G., 2012. The establishment 
of a slow-growth conservation system in vitro for two wild 
lily species. African Journal of Biotechnology, vol. 11, no. 8, pp. 
1981-1990. http://doi.org/10.5897/AJB11.2868.

https://doi.org/10.3390/molecules27113378
https://doi.org/10.3390/molecules27113378
https://pubmed.ncbi.nlm.nih.gov/35684312
https://doi.org/10.1201/9781003160717-12
https://doi.org/10.1016/j.scienta.2017.12.041
https://doi.org/10.1016/j.scienta.2017.12.041
https://doi.org/10.1007/s40415-015-0227-x
https://doi.org/10.1007/s40415-015-0227-x
https://doi.org/10.9734/jabb/2020/v23i630162
https://doi.org/10.9734/jabb/2020/v23i630162
https://doi.org/10.1016/j.plaphy.2019.11.019
https://pubmed.ncbi.nlm.nih.gov/31756607
https://pubmed.ncbi.nlm.nih.gov/31756607
https://doi.org/10.3390/plants10081730
https://pubmed.ncbi.nlm.nih.gov/34451775
https://doi.org/10.1080/21691401.2019.1577884
https://pubmed.ncbi.nlm.nih.gov/30856344
https://doi.org/10.35516/jjas.v18i1.101
https://doi.org/10.3844/ajbbsp.2005.212.216
https://doi.org/10.1104/pp.24.1.1
https://pubmed.ncbi.nlm.nih.gov/16654194
https://doi.org/10.7717/peerj.9960
https://pubmed.ncbi.nlm.nih.gov/33194369
https://pubmed.ncbi.nlm.nih.gov/33194369
https://doi.org/10.1007/BF00018060
https://doi.org/10.1007/BF00018060
https://doi.org/10.1016/j.scienta.2018.11.021
https://doi.org/10.1201/9781003109037-5-5
https://doi.org/10.1007/s11240-010-9747-z
https://doi.org/10.1016/j.cpb.2018.11.006
https://doi.org/10.1016/j.cpb.2018.11.006
https://doi.org/10.5897/AJB11.2868


Brazilian Journal of Biology, 2024, vol. 84, e28685110/11

Mohusaien, R. et al.

DUBOIS, M. and INZÉ, D., 2020. Plant growth under suboptimal 
water conditions: early responses and methods to study them. 
Journal of Experimental Botany, vol. 71, no. 5, pp. 1706-1722. 
http://doi.org/10.1093/jxb/eraa037. PMid:31967643.

EL-HOMOSANY, A. and NOOR EL-DEEN, T.M., 2019. In vitro storage of 
Paulownia tomentosa. Scientific Journal of Flowers and Ornamental 
Plants, vol. 6, pp. 139-149.

FAIZAN, M., YU, F., CHEN, C., FARAZ, A. and HAYAT, S., 2021. Zinc 
oxide nanoparticles help to enhance plant growth and alleviate 
abiotic stress: a review. Current Protein & Peptide Science, vol. 
22, no. 5, pp. 362-375. http://doi.org/10.2174/138920372166
6201016144848. PMid:33069196.

HUSSEIN, M.M. and ABOU-BAKER, N.H., 2018. The contribution 
of nano-zinc to alleviate salinity stress on cotton plants. 
Royal Society Open Science, vol. 5, no. 8, pp. 171809. http://doi.
org/10.1098/rsos.171809. PMid:30224982.

IQBAL, H., YANING, C., WAQAS, M., SHAREEF, M. and RAZA, S.T., 
2018. Differential response of quinoa genotypes to drought 
and foliage-applied H2O2 in relation to oxidative damage, 
osmotic adjustment and antioxidant capacity. Ecotoxicology 
and Environmental Safety, vol. 164, pp. 344-354. http://doi.
org/10.1016/j.ecoenv.2018.08.004. PMid:30130733.

IQBAL, M., RAJA, N.I., MASHWANI, Z.U.R., HUSSAIN, M., EJAZ, M. 
and YASMEEN, F., 2019. Effect of silver nanoparticles on growth 
of wheat under heat stress. Iranian Journal of Science and 
Technology. Transaction A, Science, vol. 43, no. 2, pp. 387-395. 
http://doi.org/10.1007/s40995-017-0417-4.

JABERZADEH, A., MOAVENI, P., MOGHADAM, H.R.T. and ZAHEDI, 
H., 2013. Influence of bulk and nanoparticles titanium foliar 
application on some agronomic traits, seed gluten, and starch 
contents of wheat subjected to water deficit stress. Notulae 
Botanicae Horti Agrobotanici Cluj-Napoca, vol. 41, no. 1, pp. 
201-207. http://doi.org/10.15835/nbha4119093.

JADCZAK, P., KULPA, D., DROZD, R., PRZEWODOWSKI, W. and 
PRZEWODOWSKA, A., 2020. Effect of AuNPs and AgNPs on 
the antioxidant system and antioxidant activity of lavender 
(Lavandula angustifolia Mill.) from in vitro cultures. Molecules, vol. 
25, no. 23, pp. 5511. http://doi.org/10.3390/molecules25235511. 
PMid:33255548.

JAIN, M., TIWARY, S. and GADRE, R., 2010. Sorbitol-induced changes 
in various growth and biochemical parameters in maize. Plant, 
Soil and Environment, vol. 56, no. 6, pp. 263-267. http://doi.
org/10.17221/233/2009-PSE.

JASIM, B., THOMAS, R., MATHEW, J. and RADHAKRISHNAN, E.K., 
2017. Plant growth and diosgenin enhancement effect of silver 
nanoparticles in fenugreek (Trigonella foenum-graecum L.). Saudi 
Pharmaceutical Journal, vol. 25, no. 3, pp. 443-447. http://doi.
org/10.1016/j.jsps.2016.09.012. PMid:28344500.

JONES JUNIOR, J. B., 1984. A laboratory guide of exercises in conducting 
a soil test and plant analyses. Athens: Benton Laboratories.

KAVEH, R., LI, Y.S., RANJBAR, S., TEHRANI, R., BRUECK, C.L. and VAN 
AKEN, B., 2013. Changes in Arabidopsis thaliana gene expression 
in response to silver nanoparticles and silver ions. Environmental 
Science & Technology, vol. 47, no. 18, pp. 10637-10644. http://
doi.org/10.1021/es402209w. PMid:23962165.

KIEŁKOWSKA, A., 2017. Allium cepa root meristem cells under 
osmotic (Sorbitol) and salt (NaCl) stress in vitro. Acta Botanica 
Croatica, vol. 76, no. 2, pp. 146-153. http://doi.org/10.1515/
botcro-2017-0009.

KULPA, D., GAWLIK, A., MATUSZAK-SLAMANI, R., WŁODARCZYK, 
M., BEJGER, R., SIENKIEWICZ, M., GOLEBIOWSKA, D. and 
SEMENIUK, A., 2018. The effect of mannitol and sorbitol on 
soybean in vitro development. Folia Pomeranae Universitatis 

Technologiae Stetinensis. Agricultura, Alimentaria, Piscaria et 
Zootechnica, vol. 341, no. 46, pp. 41-48. http://doi.org/10.21005/
AAPZ2018.46.2.05.

LEE, S.T. and HUANG, W.L., 2014. Osmotic stress stimulates shoot 
organogenesis in callus of rice (Oryza sativa L.) via auxin 
signaling and carbohydrate metabolism regulation. Plant Growth 
Regulation, vol. 73, no. 2, pp. 193-204. http://doi.org/10.1007/
s10725-013-9880-x.

LIN, Z., ZHONG, S. and GRIERSON, D., 2009. Recent advances in 
ethylene research. Journal of Experimental Botany, vol. 60, 
no. 12, pp. 3311-3336. http://doi.org/10.1093/jxb/erp204. 
PMid:19567479.

LOWRY, O.H., ROSEBROUGH, N.J., FARR, A.L. and RANDALL, R.J., 
1951. Protein measurement with the folin phenol reagent. 
The Journal of Biological Chemistry, vol. 193, no. 1, pp. 265-275. 
http://doi.org/10.1016/S0021-9258(19)52451-6. PMid:14907713.

MAGGIO, A., MIYAZAKI, S., VERONESE, P., FUJITA, T., IBEAS, J.I., 
DAMSZ, B., NARASIMHAN, M.L., HASEGAWA, P.M., JOLY, R.J. 
and BRESSAN, R.A., 2002. Does proline accumulation play 
an active role in stress-induced growth reduction? The Plant 
Journal, vol. 31, no. 6, pp. 699-712. http://doi.org/10.1046/j.1365-
313X.2002.01389.x. PMid:12220262.

MAHENDRAN, D., GEETHA, N. and VENKATACHALAM, P., 2019. 
Role of silver nitrate and silver nanoparticles on tissue culture 
medium and enhanced the plant growth and development. In: 
M. KUMAR, A. MUTHUSAMY, V. KUMAR and N. BHALLA-SARIN, 
eds. In vitro plant breeding towards novel agronomic traits: biotic 
abiotic stress tolerance. Singapore: Springer, pp. 59-74. http://
doi.org/10.1007/978-981-32-9824-8_4.

MEHRIAN, S., HEIDARI, R., RAHMANI, F. and NAJAFI, S., 2016. Effect 
of chemical synthesis silver nanoparticles on germination 
indices and seedlings growth in seven varieties of Lycopersicon 
esculentum Mill (Tomato) plants. Journal of Cluster Science, vol. 
27, no. 1, pp. 327-340. http://doi.org/10.1007/s10876-015-0932-4.

MOGES, A.D., KARAM, N.S. and SHIBLI, R.A., 2003. Slow growth 
in vitro preservation of African Violet (Saintpaulia ionantha 
Wendl.). Advances in Horticultural Science, vol. 17, pp. 223-230.

MOHSENZADEH, S. and MOOSAVIAN, S.S., 2017. Zinc sulphate and 
nano-zinc oxide effects on some physiological parameters of 
Rosmarinus officinalis. American Journal of Plant Sciences, vol. 8, 
no. 11, pp. 2635-2649. http://doi.org/10.4236/ajps.2017.811178.

MOLASSIOTIS, A.N., SOTIROPOULOS, T., TANOU, G., KOFIDIS, G., 
DIAMANTIDIS, G. and THERIOS, E., 2006. Antioxidant and 
anatomical responses in shoot culture of the apple rootstock 
MM 106 treated with NaCl, KCl, mannitol, or sorbitol. Biologia 
Plantarum, vol. 50, no. 1, pp. 331-338. http://doi.org/10.1007/
s10535-005-0075-9.

MUHAMMAD, I., SHALMANI, A., ALI, M., YANG, Q.H., AHMAD, 
H. and LI, F.B., 2021. Mechanisms regulating the dynamics of 
photosynthesis under abiotic stresses. Frontiers in Plant Science, 
vol. 11, pp. 615942. http://doi.org/10.3389/fpls.2020.615942. 
PMid:33584756.

MURASHIGE, T. and SKOOG, F., 1962. A revised medium for 
rapid growth and bioassay with tobacco tissue culture. 
Physiologia Plantarum, vol. 15, no. 3, pp. 473-497. http://doi.
org/10.1111/j.1399-3054.1962.tb08052.x.

NAIR, P.M.G. and CHUNG, I.M., 2014. Impact of copper oxide 
nanoparticles exposure on Arabidopsis thaliana growth, 
root system development, root lignification, and molecular 
level changes. Environmental Science and Pollution Research 
International, vol. 21, no. 22, pp. 12709-12722. http://doi.
org/10.1007/s11356-014-3210-3. PMid:24965006.

https://doi.org/10.1093/jxb/eraa037
https://pubmed.ncbi.nlm.nih.gov/31967643
https://doi.org/10.2174/1389203721666201016144848
https://doi.org/10.2174/1389203721666201016144848
https://pubmed.ncbi.nlm.nih.gov/33069196
https://doi.org/10.1098/rsos.171809
https://doi.org/10.1098/rsos.171809
https://pubmed.ncbi.nlm.nih.gov/30224982
https://doi.org/10.1016/j.ecoenv.2018.08.004
https://doi.org/10.1016/j.ecoenv.2018.08.004
https://pubmed.ncbi.nlm.nih.gov/30130733
https://doi.org/10.1007/s40995-017-0417-4
https://doi.org/10.15835/nbha4119093
https://doi.org/10.3390/molecules25235511
https://pubmed.ncbi.nlm.nih.gov/33255548
https://pubmed.ncbi.nlm.nih.gov/33255548
https://doi.org/10.17221/233/2009-PSE
https://doi.org/10.17221/233/2009-PSE
https://doi.org/10.1016/j.jsps.2016.09.012
https://doi.org/10.1016/j.jsps.2016.09.012
https://pubmed.ncbi.nlm.nih.gov/28344500
https://doi.org/10.1021/es402209w
https://doi.org/10.1021/es402209w
https://pubmed.ncbi.nlm.nih.gov/23962165
https://doi.org/10.1515/botcro-2017-0009
https://doi.org/10.1515/botcro-2017-0009
https://doi.org/10.21005/AAPZ2018.46.2.05
https://doi.org/10.21005/AAPZ2018.46.2.05
https://doi.org/10.1007/s10725-013-9880-x
https://doi.org/10.1007/s10725-013-9880-x
https://doi.org/10.1093/jxb/erp204
https://pubmed.ncbi.nlm.nih.gov/19567479
https://pubmed.ncbi.nlm.nih.gov/19567479
https://doi.org/10.1016/S0021-9258(19)52451-6
https://pubmed.ncbi.nlm.nih.gov/14907713
https://doi.org/10.1046/j.1365-313X.2002.01389.x
https://doi.org/10.1046/j.1365-313X.2002.01389.x
https://pubmed.ncbi.nlm.nih.gov/12220262
https://doi.org/10.1007/978-981-32-9824-8_4
https://doi.org/10.1007/978-981-32-9824-8_4
https://doi.org/10.1007/s10876-015-0932-4
https://doi.org/10.4236/ajps.2017.811178
https://doi.org/10.1007/s10535-005-0075-9
https://doi.org/10.1007/s10535-005-0075-9
https://doi.org/10.3389/fpls.2020.615942
https://pubmed.ncbi.nlm.nih.gov/33584756
https://pubmed.ncbi.nlm.nih.gov/33584756
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1007/s11356-014-3210-3
https://doi.org/10.1007/s11356-014-3210-3
https://pubmed.ncbi.nlm.nih.gov/24965006


Brazilian Journal of Biology, 2024, vol. 84, e286851 11/11

Silver nanoparticles mitigate osmotic stress in quinoa microshoots

NARENDHRAN, S., RAJIV, P. and SIVARAJ, R., 2016. Influence of 
zinc oxide nanoparticles on the growth of Sesamum indicum 
L. in zinc-deficient soil. International Journal of Pharmacy and 
Pharmaceutical Sciences, vol. 8, pp. 365-371.

NAUMANN, J.C., ANDERSON, J.E. and YOUNG, D.R., 2008. Linking 
physiological responses, chlorophyll fluorescence, and 
hyperspectral imagery to detect salinity stress using the 
physiological reflectance index in the Coastal Shrub, Myrica 
cerifera. Remote Sensing of Environment, vol. 112, no. 10, pp. 
3865-3875. http://doi.org/10.1016/j.rse.2008.06.004.

NGARA, R., RAMULIFHO, E., MOVAHEDI, M., SHARGIE, N.G., BROWN, 
A.P. and CHIVASA, S., 2018. Identifying differentially expressed 
proteins in Sorghum cell cultures exposed to osmotic stress. 
Scientific Reports, vol. 8, no. 1, pp. 8671. http://doi.org/10.1038/
s41598-018-27003-1. PMid:29875393.

QIN, Y., ZHANG, S., ZHANG, L., ZHU, D. and SYED, A., 2005. Response 
of in vitro strawberry to silver nitrate (AgNO3). HortScience, vol. 
40, no. 3, pp. 747-751. http://doi.org/10.21273/HORTSCI.40.3.747.

RAJPUT, V.D., MINKINA, T., KUMARI, A., SINGH, R., SINGH, S., 
MANDZHIEVA, S., SUSHKOVA, S. and FEDORENKO, A., 2021. 
ZnO nanoparticles: a promising antistress agent for sustainable 
agriculture. Frontiers in Nanotechnology, vol. 3, pp. 694667.

SAHA, N. and GUPTA, S., 2018. Promotion of shoot regeneration 
of Swertia chirata by biosynthesized silver nanoparticles and 
their involvement in ethylene interceptions and activation of 
antioxidant activity. Plant Cell, Tissue and Organ Culture, vol. 134, 
no. 2, pp. 289-300. http://doi.org/10.1007/s11240-018-1423-8.

SARMAST, M.K., NIAZI, A., SALEHI, H. and ABOLIMOGHADAM, A., 
2015. Silver nanoparticles affect ACS expression in Tecomella 
undulata in vitro culture. Plant Cell, Tissue and Organ Culture, 
vol. 121, no. 1, pp. 227-236. http://doi.org/10.1007/s11240-
014-0697-8.

SARMAST, M.K. and SALEHI, H., 2016. Silver nanoparticles: an 
influential element in plant nanobiotechnology. Molecular 
Biotechnology, vol. 58, no. 7, pp. 441-449. http://doi.org/10.1007/
s12033-016-9943-0. PMid:27146282.

SAS INSTITUTE INC., 2004. SAS/STAT 9.1 user’s guide. Cary, NC: 
SAS Institute, Inc.

ŞENER, S. and SAYGI, H., 2023. The role of silver nanoparticles 
in response of in vitro Boysenberry plants to drought stress. 
Horticulturae, vol. 9, no. 11, pp. 1177. http://doi.org/10.3390/
horticulturae9111177.

SHAKEEL AHMED, S., AHMAD, M., SWAMI, B.L. and IKRAM, S., 
2016. Green synthesis of silver nanoparticles using Azadirachta 
indica aqueous leaf extract. Journal of Radiation Research and 
Applied Sciences, vol. 9, no. 1, pp. 1-7. http://doi.org/10.1016/j.
jrras.2015.06.006.

SHIBLI, R.A., SHATNAWI, M., ABU-EIN. and AL-JUBOORY, K.H., 2001. 
Somatic embryogenesis and plant recovery from callus of nabali 
olive (Olea europaea L.). Scientia Horticulturae, vol. 88, no. 3, 
pp. 243-256. http://doi.org/10.1016/S0304-4238(00)00241-7.

SHIBLI, R., MOHUSAIEN, R., ABU-ZURAYK, R., QUDAH, T. and 
TAHTAMOUNI, R., 2022. Silver nanoparticles (Ag NPs) boost 
mitigation powers of Chenopodium quinoa (Q6 Line) grown 
under in vitro salt-stressing conditions. Water, vol. 14, no. 19, 
pp. 3099. http://doi.org/10.3390/w14193099.

SINGH, A., TIWARI, S., PANDEY, J., LATA, C. and SINGH, I.K., 2021. 
Role of nanoparticles in crop improvement and abiotic stress 

management. Journal of Biotechnology, vol. 337, pp. 57-70. 
http://doi.org/10.1016/j.jbiotec.2021.06.022. PMid:34175328.

SLAMA, I., GHNAYA, T., HESSINI, K., MESSEDI, D., SAVOURÉ, A. and 
ABDELLY, C., 2007. Comparative study of the effects of mannitol 
and PEG osmotic stress on growth and solute accumulation 
in Sesuvium portulacastrum. Environmental and Experimental 
Botany, vol. 61, no. 1, pp. 10-17. http://doi.org/10.1016/j.
envexpbot.2007.02.004.

SNYMAN, S.J., NAIDOO, M., WATT, M.P. and RUTHERFORD, R.S., 
2019. An in vitro screening system to assess aluminum toxicity 
in sugarcane (Saccharum spp.) cultivars. In Vitro Cellular & 
Developmental Biology. Plant, vol. 55, no. 4, pp. 403-408. http://
doi.org/10.1007/s11627-019-09994-2.

TAFRESHI, S.A.H., AGHAIE, P., MOMAYEZ, H.R. and HEJAZIYAN, S.A., 
2021. Response of in vitro-regenerated Myrtus communis L. 
shoots to PEG-induced water stress. Biocatalysis and Agricultural 
Biotechnology, vol. 34, pp. 102033. http://doi.org/10.1016/j.
bcab.2021.102033.

TAHTAMOUNI, R.W., SHIBLI, R.A. and AJLOUNI, M.M., 2001. Growth 
responses and physiological disorders in wild pear (Pyrus syriaca 
Boiss.) during slow growth in vitro preservation on osmostressing 
media. Plant Tissue Culture & Biotechnology, vol. 11, pp. 15-23.

TAIZ, L., ZEIGER, E., MØLLER, I.M. and MURPHY, A., 2015. Plant 
physiology and development. 6th ed. Sunderland: Sinauer 
Associates.

THIRUVENGADAM, M., GURUNATHAN, S. and CHUNG, I.M., 
2015. Physiological, metabolic, and transcriptional effects of 
biologically synthesized silver nanoparticles in Turnip (Brassica 
rapa ssp. rapa L.). Protoplasma, vol. 252, no. 4, pp. 1031-1046. 
http://doi.org/10.1007/s00709-014-0738-5. PMid:25471476.

TRAVERSARI, S., DE CARLO, A., TRAVERSI, M.L., MINNOCCI, A., 
FRANCINI, A., SEBASTIANI, L. and GIOVANNELLI, A., 2020. 
Osmotic adjustments support growth of poplar cultured cells 
under high concentrations of carbohydrates. Plant Cell Reports, 
vol. 39, no. 7, pp. 971-982. http://doi.org/10.1007/s00299-020-
02542-y. PMid:32314047.

VAN NGUYEN, V.D., NGUYEN, H.M., LE, N.T., NGUYEN, K.H., NGUYEN, 
H.T., LE, H.M., NGUYEN, A.T., DINH, N.T.T., HOANG, S.A. and 
VAN HA, C., 2022. Copper nanoparticle application enhances 
plant growth and grain yield in maize under drought stress 
conditions. Journal of Plant Growth Regulation, vol. 41, no. 1, 
pp. 364-375. http://doi.org/10.1007/s00344-021-10301-w.

YAQOOB, A.A., UMAR, K. and IBRAHIM, M.N.M., 2020. Silver 
nanoparticles: various methods of synthesis, size affecting 
factors, and their potential applications: a review. Applied 
Nanoscience, vol. 10, no. 5, pp. 1369-1378. http://doi.org/10.1007/
s13204-020-01318-w.

ZAREI, S. and EHSANPOUR, A.A., 2023. Ethylene inhibition with 
silver nitrate (AgNO3) and pyrazinamide (PZA) ameliorates 
in vitro salt tolerance of tomato (Lycopersicon esculentum L.) 
plantlets. Plant Cell, Tissue and Organ Culture, vol. 154, no. 2, 
pp. 1-9. http://doi.org/10.1007/s11240-023-02511-9.

ZOU, J.J., WEI, F.J., WANG, C., WU, J.J., RATNASEKERA, D., LIU, W.X. and 
WU, W.H., 2010. Arabidopsis calcium-dependent protein kinase 
CPK10 functions in abscisic acid- and Ca2+-mediated stomatal 
regulation in response to drought stress. Plant Physiology, vol. 
154, no. 3, pp. 1232-1243. http://doi.org/10.1104/pp.110.157545. 
PMid:20805328.

https://doi.org/10.1016/j.rse.2008.06.004
https://doi.org/10.1038/s41598-018-27003-1
https://doi.org/10.1038/s41598-018-27003-1
https://pubmed.ncbi.nlm.nih.gov/29875393
https://doi.org/10.21273/HORTSCI.40.3.747
https://doi.org/10.1007/s11240-018-1423-8
https://doi.org/10.1007/s11240-014-0697-8
https://doi.org/10.1007/s11240-014-0697-8
https://doi.org/10.1007/s12033-016-9943-0
https://doi.org/10.1007/s12033-016-9943-0
https://pubmed.ncbi.nlm.nih.gov/27146282
https://doi.org/10.3390/horticulturae9111177
https://doi.org/10.3390/horticulturae9111177
https://doi.org/10.1016/j.jrras.2015.06.006
https://doi.org/10.1016/j.jrras.2015.06.006
https://doi.org/10.1016/S0304-4238(00)00241-7
https://doi.org/10.3390/w14193099
https://doi.org/10.1016/j.jbiotec.2021.06.022
https://pubmed.ncbi.nlm.nih.gov/34175328
https://doi.org/10.1016/j.envexpbot.2007.02.004
https://doi.org/10.1016/j.envexpbot.2007.02.004
https://doi.org/10.1007/s11627-019-09994-2
https://doi.org/10.1007/s11627-019-09994-2
https://doi.org/10.1016/j.bcab.2021.102033
https://doi.org/10.1016/j.bcab.2021.102033
https://doi.org/10.1007/s00709-014-0738-5
https://pubmed.ncbi.nlm.nih.gov/25471476
https://doi.org/10.1007/s00299-020-02542-y
https://doi.org/10.1007/s00299-020-02542-y
https://pubmed.ncbi.nlm.nih.gov/32314047
https://doi.org/10.1007/s00344-021-10301-w
https://doi.org/10.1007/s13204-020-01318-w
https://doi.org/10.1007/s13204-020-01318-w
https://doi.org/10.1007/s11240-023-02511-9
https://doi.org/10.1104/pp.110.157545
https://pubmed.ncbi.nlm.nih.gov/20805328
https://pubmed.ncbi.nlm.nih.gov/20805328

