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Abstract
In this study Cu-chitosan nanoparticles (Cu-CNP) have been employed as eco-friendly and safer priming agents to
induce salt and PEG-induced hyperosmotic stress tolerance in wheat seedlings. Seed priming is a facile on-farm stress
management technique that requires a little amount of priming agent and minimizes the eco-toxicological effects on
soil fertility. The wheat seeds were primed with 0.12% and 0.16% Cu-CNP for eight hours and were allowed to germinate under normal, PEG-induced hyperosmotic stress (15% PEG-6000 – 3.0 Mpa) and salt stress (150 mM). For comparison, non-primed and hydro-primed seeds were also allowed to germinate as control under the same conditions.
The biochemical analyses suggested the priming treatments enhanced the POD activity under salt stress but it was
decreased under PEG-induced hyperosmotic stress. Priming with 0.12% Cu-CNP induced a significant increase in CAT
while the opposite effect was observed in 0.16% treated seedling under stress and non-stress conditions. Both priming treatments did not allow the over-expression of SOD under both stress conditions. The total phenolic contents
were also decreased significantly under all conditions. Except for priming with 0.16% Cu-CNP under PEG-induced
hyperosmotic stress, a suppression in MDA was observed under both stress conditions. Surprisingly, the Cu-CNP
priming induced a significant increase in β-carotenoids, total carotenoids, chlorophyll a, b and total chlorophyll under
normal and stress conditions. In conclusion, the controlled expression of enzymatic antioxidants, low contents of
non-enzymatic antioxidants and suppression of MDA mirror the stress mitigating role of Cu-CNP against PEG-induced
hyperosmotic stress and salinity. The stress-insulating potential has also been reinforced by the enhanced production
of plant and photosynthetic pigments. All these priming-induced biochemical changes produced positive effects on
growth and germinating parameters in wheat seedlings under PEG-induced hyperosmotic stress as well as salinity.
Keywords: Wheat priming, Cu-chitosan nanoparticles, PEG-induced hyperosmotic stress, Salinity, Stress tolerance
Introduction
The germination, growth and development of cereal
crops have greatly been affected by the ecotoxicological
conditions and environmental stresses over the last few
decades. The water resource deficits due to the rising
global warming result in severe water shortages around
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the globe. Water deficiency poses serious threats to crop
production as drought stress in various parts of the world
especially in developing countries [1]. Drought induces a
variety of changes at sub-cellular levels including metabolic processes, biochemical and physiological attributes,
and morphological characteristics. Such undesirable
changes in growth promontory parameters inhibit the
growth and limit the production of crop plants [2].
Salinity has emerged as the most brutal environmental contamination and devastating abiotic stress which
adversely affects the enzymatic activities, nutrient
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uptake, photosynthesis and water uptake in plants. The
nutritional imbalance and damaged ultracellular components disrupt the normal metabolic processes consequently reduce germination percentage, development
and yield of crops [3].
Among the cereal crops, wheat is a major staple food
and a source of about 55% of carbohydrates requirements
around the globe. Various biotic and abiotic stresses
including drought and salinity severely affect wheat production, especially in developing countries. The wheat
seed germination and seedling growth do experience
the above said negative impacts on metabolic processes,
biochemical and physiological attributes under drought
as well as salt stress. Consequently, they cause serious
depression in germination percentage, biomass production and grain yield [4, 5].
Over the years, various stress management strategies
have been evolved to induce tolerance against drought
and salt stress for the productivity of wheat. In this
regard, different approaches including screening of better performing genotypes, the introduction of toleranceinducing genes and remodeling of conventional breeding
methods have met limited success because they are timeconsuming and lose efficiency over time. In recent years,
the use of exogenous phytoprotectants as growth promoters and stress emulators have received considerable attraction due to the ease of on-farm handling and
applications as priming agents, foliar spray and in soil
drenching [6, 7]. However, the perpetual applications
of phytoprotectants especially synthetic agrochemicals
have raised several unavoidable environmental issues.
The rampant and uncontrolled use of synthetic chemicals
pose serious ecotoxicological threats and they destroy
much-needed soil microbial community due to off-target
interactions. They also produce resistance in plant pathogenic microbes thus lead to qualitative and quantitative
loss of agricultural productivity [8]. Priming has emerged
as an alternative approach in which seeds are pre-treated
with a minimum amount of agrochemicals to avoid undesirable soil contamination through drenching and foliar
sprays. This facile pre-treatment technique enhances the
quality of seeds for fast germination, stress tolerance and
high productivity of crops [9]. In fact, it triggers specific
metabolic changes, antioxidant enzymes and protein synthesis ensuring better crop performance under various
biotic and abiotic stresses [10, 11].
In the last few years, attention have been diverted
to the development of effective and safer biomaterialbased biodegradable agrochemicals as a counteracting
strategy for environmental safety and pollution-related
challenging issues. In this regard, chitosan has become
a promising biopolymer due to its biodegradable,
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biocompatible and nontoxic nature [12]. It has established its worth as a plant growth-promoting agents,
immunomodulator and non-hazardous stress emulator
with wide applications in agriculture for the enhancement of crop productivity. It has widely been exploited
as a growth stimulator, antioxidant defense booster,
stress emulator and yield promoter in wheat under a
variety of stress conditions including drought and salinity [13].
Nanotechnology has been revolutionizing almost all
aspects of human life including the establishment of a
very vital role in agriculture [14, 15]. The nanomaterials
like nanoparticles have gained a crucial role in defense
system activation, growth enhancement, disease and
pest management strategies in plants [16]. Although,
several studies have raised concerns regarding the negative impacts of nanoparticles on the environment and
human health over the last few years [17]. However, the
chitosan nanoparticles (CNPs) have shown significantly
low toxicity and their safety profiles suggested them
safer even for gene delivery to the spinal cord [18]. In
recent years, CNPs have been evaluated for their potential to enhance seed germination, seedling growth and
defense responses in plants. The foliar applications of
CNPs promoted growth and yield of coffee [19], French
beans [20] and wheat [21]. The foliar applications have
also been used to induce salt stress tolerance in beans
[22]. Mechanistically, chitosan is known to boost the
immune system by inducing the synthesis of glucanase
and chitinase enzymes. Further, the chitosan applications enhance the production of nitric oxide which
is a vital signaling molecule modulating the defense
responses in plants. The CNPs induce the synthesis of
plant defense-related secondary metabolites including
phytoalexins, flavonoids and lignin. The production of
these sec-metabolites is mediated by up-regulating the
activity of Tyrosine Ammonia-Lyase (TAL) on the phenylpropanoid synthesis pathway [13, 23].
Cu is a key structural component of many enzymes
crucial for cellular redox and electron transfer reactions in plants, thus an important micronutrient
with the capacity to boost growth and developmental
phases. Reckoning this important fact, Cu-CNPs have
been developed recently and evaluated for their potential to boost growth, enhance development and disease
management in plants [24, 25]. The sustained release of
Cu from Cu-CNPs makes it a far superior bioactive system compared to simple CNPs [26].
Considering the high bioactive potential of Cu-CNPs
and the ease of on-farm priming applications, we used
Cu-CNPs as priming agents to induce PEG-induced
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hyperosmotic stress and salt tolerance in wheat
seedlings.

Materials and methods
Preparation and characterization of Cu‑CNPs

The Cu-CNPs were prepared by following reported
methods [25, 27] and subsequently characterized by
SEM, XRD and FTIR Figs. (1 and 2). The Fig. 1 (a) shows
the morphology of synthesized Cu-CNPs. The prepared
Cu-CNPs showed cubical structure with varying size (b)
shows that Cu NPs embedded on the surface of chitosan
of irregular shape with the cubical aggregated structure
of the prepared Cu-CNPs. The red circular lines indicate

Fig. 1 SEM of the prepared Cu-CNPs

Fig. 2 Characterization of prepared Cu-CNPs
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the NPs from which the approximately spherical shape
of the poly-dispersed Cu NPs can be seen. The particles
were found to be in the range of 19–21 nm in size as
estimated using the Debye–Scherrer equation with data
obtained from XRD.
The Fig. 2a showed the XRD diffraction pattern of the
prepared Cu-CNPs. XRD diffraction peaks at 2 theta of
12 ° and 20 ° correspond to (020), (220), which exhibited
that the Cu NPs had been coated on chitosan. The XRD
spectrum also shows the peaks in the range of 22.8 °,
25.4 °, 32.1 °, 45.4 °, 53.1 °, 56.1 °, 65.8 °, 69.2 °, and 77.3 °,
which correspond to the (021), (021), (110), (111), (020),
(202), ( − 113), (202), and (111) planes, respectively [28].
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The XRD spectrum showed that the prepared Cu-CNPs
had the cubic-crystalline structure, and the corresponding planes were matched with the JCPDS file number
(JCPDS NO: 05-0061) [29]. The average crystalline size
was calculated by using simple Debye–Schere’s formula:

D = 0.9 + βcos
whereas D corresponds to the average size of the nanoparticles, λ is the wavelength of X-ray, θ is the diffraction
angle and β is the FWHM (full width at half maximum)
in radians a [30]. The average mean crystallite size was
found to be 19 nm from all breath of the refraction. The
Fig. 2b show FTIR of the prepared Cu-CNPs which was
found in agreement with previously reported literature
values.
Seed priming and germination studies

Wheat seeds (Triticum aestivum L. cv. AARI-2011) were
received from Ayub Agriculture Research Institute, Faisalabad, Pakistan and primed by treating with 0.12% and
0.16% Cu-CNP solutions (prepared by sonication for
30 min) for 8 h. After that, they were washed with distilled water and re-dried under the shade at 26 ± 2 °C.
Some seeds were also hydro-primed by soaking in distilled water for the same length of time. The Cu-CNP
primed, hydro-primed and non-primed control seeds
were allowed to germinate in separate petri dishes under
normal, PEG-induced hyperosmotic stress (15% PEG6000) (− 3.0 Mpa) [31] and salt stress (150 mM) conditions [32].
Germination test and seedling vigor

The International Rules for Seed Testing (ISTA, 1985)
were followed to estimate the termination potential of
the primed and non-primed wheat seeds. At 25 °C four
replicates of 25 seeds were germinated in 12 cm diameter
petri dishes for the estimation of seed germination and
seedling vigor under normal conditions in the growth
chamber. The osmotic stress conditions were imposed
by using 5 ml of 15% polyethylene glycol 6000 solution
(− 3.0 Mpa) instead of water in each petri dish. Counts
of germinating seeds were made every 6 h, starting on
the first day of imbibition, and terminated when maximum germination was achieved. A seed was recorded as
germinated when coleoptile and radicle lengths reached
2–3 mm.
Mean germination time (MGT) was calculated according to the equation of Ellis and Roberts (1981) and
expressed as


n
MGT (h) =
hn/
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where h is the number of hours from the beginning of
the germination test and n is number of seeds germinating on hours h.
Growth response

After collecting the data for germination, seedlings from
the above said experiments for seed germination tests
were allowed to grow for growth response and biochemical studies. 7-day old seedlings were then harvested for
comparison of growth and biochemical parameters
under normal, salt and PEG-induced hyperosmotic stress
after seed priming treatments. The fresh weight of seedlings was recorded immediately after harvesting to avoid
any evaporation. For dry weight estimations, a set of harvested seedlings were kept at 90 °C till drying. Seedling,
root and shoot dry weights were measured after complete
drying when there was no further decrease in weight.
Root and shoot lengths were measured by spreading
them on a scale calibrated in cm.
Antioxidant analyses

Known procedures were followed to analyze the contents of biomolecules (proteins and total sugars) [33]
and hydrolytic enzymes (α- amylase and protease) [34,
35]. The enzymatic antioxidant (POD, CAT and SOD),
[36, 37] non-enzymatic antioxidants (TPC) [38] and
stress biomarker (MDA) [39] were measured by following the well-established methods. Further, the known
assays were also adapted to measure the plant (lycopene,
β-carotenoids, total carotenoids) [40] and photosynthetic
pigments (chlorophyll a, b and total chlorophyll) [41] in
wheat seedlings. Further, the germination and growth
parameters were also studied for established seedlings.
All these afore-said biochemical analyses and germination studies were performed using wheat seedlings originated from hydro-primed and Cu-CNP primed seeds
grown under normal, PEG-induced hyperosmotic stress
and salt stress conditions and were compared with nonprimed controls under the same conditions.
Significance of the recorded data was tested using analysis of variance and Tukey’s (HSD) test at value p < 0.05
and where applicable at p < 0.01 using XL-STAT software.
The values are presented in graphs as mean ± SD.

Results
Effect of Cu‑CNPs priming on germination parameters

Seed primed with 0.16% Cu-CNPs under normal conditions showed early germination and the best germination
rate compared to all other seeds under control and stress
conditions. As expected, both salt and PEG-induced
hyperosmotic stress reduced the germination rates of the
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Effect on growth parameters
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Wheat seedlings originated from Cu-CNPs treated seeds
showed a significant increase in root length under normal conditions and salt stress compared to controls
(Table 1). However, the Cu-CNP priming treatments did
not produce a significant difference in root length compared to non-primed under PEG-induced hyperosmotic
stress. A significant increase in shoot length was noted in
seedlings originated from Cu-CNP treated seeds under
normal conditions. However, these priming treatments
did not produce any significant difference in shoot length
both under salt and PEG-induced hyperosmotic stress
compared to control.

114

Time (h)

Fig. 3 Effect of Cu-CNPs priming on germination% under control,
salt and PEG-induced hyperosmotic stress. Non-primed (T0C), Hydro
primed (T1C), 0.12% Cu chitosan NPs primed (T2C), and 0.16% Cu
chitosan NPs primed (T3C) wheat seeds under control condition;
Non-primed (T0S), Hydro primed (T1S), 0.12% Cu chitosan NPs
primed (T2S), and 0.16% Cu chitosan NPs primed (T3S) wheat seeds
under salt stress; Non-primed (T0D), Hydro primed (T1D), 0.12% Cu
chitosan NPs primed (T2D), and 0.16% Cu chitosan NPs primed (T3D)
wheat seeds under PEG-induced hyperosmotic stress

untreated seeds and the latter induced a more noticeable negative effect. However, priming treatments with
Cu-CNPs helped to reduce the negative impacts of both
stresses on germination rate (Fig. 3).
No significant difference in germination percentage of
seeds was observed under normal, salt and PEG-induced
hyperosmotic stress conditions (Table 1). Wheat seeds
primed with 0.12% Cu-CNPs showed maximum mean
germination % under salt and PEG-induced hyperosmotic stress conditions. In general, there was no significant difference in the mean germination % of seeds
under normal, salt and PEG-induced hyperosmotic stress
conditions. Under normal conditions, the priming treatments enhanced the germination index. However, the
germination index decreased under stress conditions
in treated and non-treated seeds. The Cu-CNP priming
treatments enhanced the vigor index only under normal
conditions. Both PEG-induced hyperosmotic stress and
salt stress reduced the vigor index and the later induced
maximum reduction in primed and non-primed seeds.
Both stresses reduced the germination energy in primed
and non-primed germinating wheat seeds. However,
hydro-priming induced a significant increase in germination energy compared to control under normal
conditions.

Effect on protein and sugar contents

Both priming treatments increased proteins under PEGinduced hyperosmotic stress whereas treatment with
0.16% Cu-CNPs enhanced the protein contents under
normal conditions. The salt stress reduced the protein
contents in seedlings originated from primed seeds compared to control (Table 2). Priming with 0.12% Cu-CNPs
induced a significant increase in total sugars under normal and salt stress conditions. While no other treatment
produced any significant change in total sugars under any
condition (Table 2).
Effect on hydrolytic enzymes

The Cu-CNPs priming significantly reduced the
α-amylase activity under normal and stress conditions
(Table 2). While the maximum negative impact was
recorded in seedlings originated from seeds primed with
0.12% Cu-CNPs. The priming treatments decreased the
protease activity under normal conditions. Both priming
treatments displayed opposite effects on protease activity whereas the maximum enhancement was induced by
0.16% Cu-CNP treatment compared to control under
both stresses.
Effect on enzymatic and non‑enzymatic antioxidants

The Cu-CNPs priming reduced the POD activity significantly compared to control under normal conditions
(Table 3). Under salt stress, the priming with 0.12% CuCNPs enhanced the POD activity while 0.16% reduced
its activity significantly compared to control under salt
stress. Both priming treatments induced a significant
reduction in POD activity under PEG-induced hyperosmotic stress while the most pronounced impact was
observed with 0.12% Cu-CNP priming. Under normal
conditions, the treatment with 0.16% Cu-CNP enhanced
the SOD activity significantly compared to control. Due
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to priming treatments, the SOD activity decreased both
under PEG-induced hyperosmotic stress and salinity
however, this reduction was less significant under salt
stress. The maximum CAT activity was observed as a
result of 0.12% Cu-CNPs priming under normal, salt and
PEG-induced hyperosmotic stress conditions. However,
the priming with 0.16% Cu-CNPs reduced the CAT activity under all conditions. The priming treatments reduced
the TPC under all conditions however, the decrease was
non-significant under PEG-induced hyperosmotic stress.
Effect on lipid peroxidation and pigments

Priming with Cu-CNPs reduced the MDA contents
under normal, salt and PEG-induced hyperosmotic stress
except 0.16% treatment under PEG-induced hyperosmotic stress (Fig. 4). All Cu-CNP priming treatments
significantly enhanced the lycopene contents under all
conditions whereas the maximum impact was induced by
treatments with 0.12% solution (Table 4).
Except for treatment with 0.12% Cu-CNPs under PEGinduced hyperosmotic stress, all other Cu-CNP priming
induced a significant increase in β-carotenoids under
stress and non-stress conditions. Priming treatments
under all conditions also caused a significant increase in
total carotenoids. Further, they also induced a significant
increment in chlorophyll a, b and total chlorophyll under
stress and non-stress conditions.

Discussions
Both drought and salinity cause severe negative effects
on seed germination which is the most critical stage
and directly controls the growth and subsequent yield of
crops. Salinity disturbs the germination parameters due
to the specific toxicity of ions which inhibit the cell division and expansion processes. It also reduces the water
uptake in germinating seeds [4, 42]. In our study, priming with Cu-CNPs helped to reduce the negative impacts
of both stresses on germination rate. There was no significant difference in germination percentage and mean
germination percentage under control and stress conditions which suggests the stress mitigating role of CuCNP priming treatments. Behboudi et al. used foliar and
soil applications of chitosan nanoparticles to mitigate the
hazardous effects of drought on barley with the improvement of yield and yield components [43]. According to
Choudhary et al. the Cu-CNP seed treatments enhanced
the shoot length and vigor index but did not affect the
germination percentage of maize seedlings under normal conditions [44]. The foliar applications of Cu-CNPs
also exhibited the growth promotory effect in terms of
root length, plant height and stem diameter etc. in maize
plants in pot and field experiments [26]. In our study,
the enhancement of root length under salt stress while
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no significant change under PEG-induced hyperosmotic
stress represents the mitigating role of Cu-CNP priming
against both stress conditions. Similarly, both stresses
were unable to produce any significant effect on shoot
length, again establishing the stress insulating effect of
Cu-CNP priming.
The plant productivity is determined mainly by seed
germination, a vital stage in plant development. It begins
with the water imbibition, protein synthesis and mobilization of food reserves. The carbohydrates, lipids and
proteins are the main food reserves mainly required for
phase II of germination leading to better seedling development. Proteins are a vital source of carbon, nitrogen,
amino acids and energy for seedling development [45].
Various enzymes being protein in nature execute many
vital biochemical processes like respiration, regulation of
metabolic pathways, biosynthesis of macromolecules and
development of subcellular structures in seed germinating and seedling development. However, the enzymatic
hydrolysis of lipid, carbohydrates and proteins and further transportation of their metabolites heavily depends
on the availability of water [46]. It is reported that
drought stress-induced proteins help the wheat seedlings in structural and biochemical readjustments as a
mechanistic approach to elicit stress tolerance [47, 48]. In
our study, the priming treatments induced a significant
increase in protein contents in wheat seedlings under
PEG-induced hyperosmotic stress which was a positive
response in light of the above discussion. Similarly, proteins also play important role in salt stress acclimation
in plants. Salinity causes changes in protein activity, protein post-translational modifications and protein relative
abundance as a salt tolerance measure in plants including
wheat [49]. Salt stress enhances the protein contents in
wheat [50] and so was the observation in our case as nonprimed control showed significantly high protein contents under salt stress. However, priming with Cu-CNPs
induced a significant reduction in protein contents under
salt which suggests the lesser requirement of proteins
due to the stress mitigating role of Cu-CNP treatments.
Sugars are vital for innumerable functions like the generation of functional metabolites, biosynthesis of biopolymers, energy production and metabolism in plants. In
addition to their nutritious value, they act as regulators of
stress responses, growth and seedling development [51].
In general, they ensure membrane stability by acting as
osmoprotectants under abiotic stress conditions. They
scavenge free radicals and provide membrane protection
under drought as well as salt stress conditions [52, 53].
However, higher concentrations of sugars could reverse
the afore-said physiological processes in a concentration-dependent manner [54]. In our study, no significant change in total sugar contents suggests their fewer
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Fig. 4 Effect of Cu-CNPs priming on MDA content under control,
drought, and salt stress. Non-primed (T0C), Hydro primed (T1C),
0.12% Cu chitosan NPs primed (T2C), and 0.16% Cu chitosan NPs
primed (T3C) wheat seeds under control condition; Non-primed
(T0S), Hydro primed (T1S), 0.12% Cu chitosan NPs primed (T2S), and
0.16% Cu chitosan NPs primed (T3S) wheat seeds under salt stress;
Non-primed (T0D), Hydro primed (T1D), 0.12% Cu chitosan NPs
primed (T2D), and 0.16% Cu chitosan NPs primed (T3D) wheat seeds
under PEG-induced hyperosmotic stress

requirements as stress insulators as the same role may
have been played by Cu-CNPs.
In general, salinity reduces the activity of α-amylase
thus influence the starch hydrolysis and liberation of
soluble sugars [55, 56]. In our case, both stress conditions reduced the α-amylase activity in seedling originated from Cu-CNP primed seeds while the more
pronounced effect was observed under PEG-induced
hyperosmotic stress. Proteases are the key regulators
of several physiological and biochemical processes and
ensure the safe accomplishment of N homeostasis, seed
germination, seedling development, plant growth and
immune responses. Under biotic and abiotic stress conditions, they are involved in nutrient remobilization
through the degradation of stored proteins for better
seed germination and seedling development in plants
including wheat [57, 58]. In our case, priming with a
higher concentration of Cu-CNPs produced a significant enhancement in protease. Generally, plants induce
an increment in proteases as an adapted mechanism to
cope abiotic stresses like drought and salinity [59].
Both salinity and drought cause overproduction of
ROS by hampering normal cellular metabolic processes
in plants. Plants have evolved counteracting antioxidant metabolism including non-enzymatic compounds
and antioxidant enzymes to detoxify the excessive

ROS for the maintenance of cell homeostasis. Generally, the increased activities of antioxidant enzymes
like CAT, POD and SOD etc. are positively correlated
with drought and salinity tolerance [60]. The improved
antioxidant potential of primed seeds implicates the
enhanced stress tolerance in seedlings and plants.
However, priming treatments do not always enhance
the activity and expression of antioxidant enzymes and
in such cases, the AsA-GSH cycle is suggested to be the
dominant underlying antioxidant mechanism [61]. In
our case, priming treatments enhanced the POD activity significantly under salinity however, a significant
reduction was observed in its activity under normal
and PEG-induced hyperosmotic stress. The SOD activity also decreased under both stress conditions. Both
priming treatments produced opposite effects on CAT
activity under PEG-induced hyperosmotic stress as
well as salinity. The controlled activities of antioxidant
enzymes could be correlated with the above discussion.
The priming treatments also reduced the TPC which
are the non-enzymatic antioxidant compounds. The
decrease in TPC suggests their fewer requirements due
to low production of ROS after Cu-CNP priming. The
low and controlled production of ROS has also been justified by low MDA contents. The activities of antioxidant
enzymes, contents of non-enzymatic antioxidants and
suppression of MDA suggest the insulating potential of
Cu-CNP treatments against salinity and PEG-induced
hyperosmotic stress.
In general, both PEG-induced hyperosmotic stress and
salinity reduce the pigments in seedlings thus inhibit
photosynthesis activity which ultimately decreases the
growth and yield of crops. However, in this study, the
priming treatments significantly enhanced the pigment
contents compared to control under both stress conditions. The applications of chitosan NPs have been found
to enhance the pigment contents in barley under drought
supposedly due to the greater production of amino compounds from chitosan [43]. The priming treatments with
pure chitosan also enhanced the chlorophyll pigments in
wheat under PEG-induced hyperosmotic stress.
Hence, this nanoparticulate system has been suggested
as an effective and safer priming agent to counter dangerous abiotic stresses without compromising soil fertility
characteristics. This safety profile is ensured by the sustained and controlled release of Cu, low toxicity of chitosan and little requirements of Cu-CNP.

Conclusion
In conclusion, controlled expression of enzymatic
antioxidants and suppression of MDA revealed the
stress mitigating role of Cu-CNP against PEG-induced
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hyperosmotic stress and salinity. The stress-insulating
potential has also been reinforced by the enhanced production of photosynthetic pigments. All these priminginduced biochemical changes produced positive effects
on seed germination and seedling growth parameters in
wheat under PEG-induced hyperosmotic stress and salt
stress. A biopolymer-based nanoparticle system has been
suggested as an ecofriendly and safer option to counter
afore-said stress conditions without compromising soil
fertility and environmental safety.

Page 12 of 13

3.

4.
5.

6.
7.

Abbreviations
Cu-CNP: Cu-chitosan nanoparticle; MDA: Malondialdehyde; PEG: Polyethylene
glycol; POD: Peroxidase; CAT: Catalase; SOD: Superoxide dismutase; ROS: Reactive oxygen species; TPC: Total phenolics.
Acknowledgements
Not applicable.
Author’s contribution
TF (supervision of NP synthesis, interpretation of results and manuscript
write up), ZN (NP synthesis and priming studies, AH (supervised priming,
growth, germination studies and biochemical analyses), TA (NP synthesis and
characterization), AH (proposed research plan, Supervised priming, growth,
germination studies and biochemical analyses).All authors have read and
approved the final manuscript.
Funding
There is no funding for this study.
Availability of data and materials
All data generated or analyzed during this study are included in this published
article.

Declarations

8.
9.

10.
11.

12.
13.
14.

Ethics approval and consent to participate
Not applicable.

15.

Consent for publication
Not applicable.

16.

Competing interests
None of the authors have any competing interests in the manuscript.
Author details
1
Department of Applied Chemistry, Government College University, Faisalabad, Pakistan. 2 Department of Biochemistry, Government College University,
Faisalabad, Pakistan. 3 Nuclear Institute for Agriculture and Biology (NIAB),
Jhang Road, Faisalabad, Pakistan. 4 Department of Chemistry, Riphah international university, Faisalabad 380000, Pakistan.

17.
18.
19.
20.

Received: 30 May 2020 Accepted: 14 March 2022
21.

References
1. Craine JM, Ocheltree TW, Nippert JB, Towne EG, Skibbe AM, Kembel SW,
et al. Global diversity of drought tolerance and grassland climate-change
resilience. Nat Clim Chang. 2013;3(1):63.
2. Li X, Liu F. Drought stress memory and drought stress tolerance in plants:
biochemical and molecular basis. In: Hossain MA, Wani SH, Bhattacharjee
S, Burritt DJ, Tran L-SP, editors. Drought stress tolerance in plants, vol. 1.
Berlin: Springer; 2016. p. 17–44.

22.
23.
24.

Hasanuzzaman M, Nahar K, Rahman A, Anee TI, Alam MU, Bhuiyan TF,
et al. Approaches to enhance salt stress tolerance in wheat. In: Owuoche
J, Wanyera R, editors., et al., Wheat Improvement. London: Intech; 2017. p.
151–87.
Guo Q, Wang Y, Zhang H, Qu G, Wang T, Sun Q, et al. Alleviation of adverse
effects of drought stress on wheat seed germination using atmospheric
dielectric barrier discharge plasma treatment. Sci Rep. 2017;7(1):16680.
Shah ZH, Rehman HM, Akhtar T, Daur I, Nawaz MA, Ahmad MQ, et al.
Redox and ionic homeostasis regulations against oxidative, salinity and
drought stress in wheat (a systems biology approach). Front Genet.
2017;8:141.
Savvides A, Ali S, Tester M, Fotopoulos V. Chemical priming of plants
against multiple abiotic stresses: mission possible? Trends Plant Sci.
2016;21(4):329–40.
Nawaz F, Ahmad R, Ashraf M, Waraich E, Khan S. Effect of selenium
foliar spray on physiological and biochemical processes and chemical constituents of wheat under drought stress. Ecotoxicol Environ Saf.
2015;113:191–200.
Balestrini R, Chitarra W, Antoniou C, Ruocco M, Fotopoulos V. Improvement of plant performance under water deficit with the employment of
biological and chemical priming agents. J Agric Sci. 2018;156(5):680–8.
Jiménez-Arias D, Carrillo-Perdomo E, Gracía-Machado F, Jorge L, Borges A,
Priming crops to cope with stress: advances in seed-priming approach.
In: Prathamanesh G, Srushti M, editors. Agricultural research updates, 15.
New York: Nova Science Publishers, Inc; 2017. ISBN: 978-1-53610-578-0
Wojtyla Ł, Lechowska K, Kubala S, Garnczarska M. Molecular processes
induced in primed seeds—increasing the potential to stabilize crop
yields under drought conditions. J Plant Physiol. 2016;203:116–26.
Macovei A, Pagano A, Leonetti P, Carbonera D, Balestrazzi A, Araújo SS.
Systems biology and genome-wide approaches to unveil the molecular
players involved in the pre-germinative metabolism: implications on
seed technology traits. Plant Cell Rep. 2017;36(5):669–88.
Katiyar D, Hemantaranjan A, Singh B. Chitosan as a promising natural
compound to enhance potential physiological responses in plant: a
review. Ind J Plant Physiol. 2015;20(1):1–9.
Hidangmayum A, Dwivedi P, Katiyar D, Hemantaranjan A. Application
of chitosan on plant responses with special reference to abiotic stress.
Physiol Mol Biol Plants. 2019;25(2):313–26.
Duhan JS, Kumar R, Kumar N, Kaur P, Nehra K, Duhan S. Nanotechnology: the new perspective in precision agriculture. Biotechnol Rep.
2017;15:11–23.
Kim DY, Kadam A, Shinde S, Saratale RG, Patra J, Ghodake G. Recent
developments in nanotechnology transforming the agricultural sector: a
transition replete with opportunities. J Sci Food Agric. 2018;98(3):849–64.
Sanzari I, Leone A, Ambrosone A. Nanotechnology in plant science: to
make a long story short. Front Bioeng Biotechnol. 2019;7:120.
Jain A, Ranjan S, Dasgupta N, Ramalingam C. Nanomaterials in food and
agriculture: an overview on their safety concerns and regulatory issues.
Crit Rev Food Sci Nutr. 2018;58(2):297–317.
Gwak S-J, Jung JK, An SS, Kim HJ, Oh JS, Pennant WA, et al. Chitosan/
TPP-hyaluronic acid nanoparticles: a new vehicle for gene delivery to the
spinal cord. J Biomater Sci Polym Ed. 2012;23(11):1437–50.
Minh HD, Anh DN. Study on chitosan nanoparticles on biophysical characteristics and growth of Robusta coffee in green house. Biocatal Agric
Biotechnol. 2013;2(4):289–94.
Hasaneen M, Abdel-aziz HMM, Omer AM. Effect of foliar application of
engineered nanomaterials: carbon nanotubes NPK and chitosan nanoparticles NPK fertilizer on the growth of French bean plant. Biochemistry
and Biotechnology Research. 2016;4(4):68–76.
Abdel-Aziz HM, Hasaneen MN, Omer AM. Nano chitosan-NPK fertilizer
enhances the growth and productivity of wheat plants grown in sandy
soil. Span J Agric Res. 2016;14(1):0902.
Zayed M, Elkafafi S, Zedan AM, Dawoud SF. Effect of nano chitosan on
growth, physiological and biochemical parameters of Phaseolus vulgaris
under salt stress. J Plant Prod. 2017;8(5):577–85.
Chandra S, Chakraborty N, Dasgupta A, Sarkar J, Panda K, Acharya K. Chitosan nanoparticles: a positive modulator of innate immune responses in
plants. Sci Rep. 2015;5:15195.
Saharan V, Kumaraswamy R, Choudhary RC, Kumari S, Pal A, Raliya R, et al.
Cu-chitosan nanoparticle mediated sustainable approach to enhance

Farooq et al. BMC Chemistry

25.
26.
27.
28.
29.
30.

31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.

43.

44.

45.
46.
47.
48.

(2022) 16:23

seedling growth in maize by mobilizing reserved food. J Agric Food
Chem. 2016;64(31):6148–55.
Saharan V, Sharma G, Yadav M, Choudhary MK, Sharma S, Pal A, et al.
Synthesis and in vitro antifungal efficacy of Cu-chitosan nanoparticles
against pathogenic fungi of tomato. Int J Biol Macromol. 2015;75:346–53.
Choudhary RC, Kumaraswamy R, Kumari S, Sharma S, Pal A, Raliya R, et al.
Cu-chitosan nanoparticle boost defense responses and plant growth in
maize (Zea mays L.). Sci Rep. 2017;7(1):9754.
Manikandan A, Sathiyabama M. Green synthesis of copper-chitosan
nanoparticles and study of its antibacterial activity. J Nanomed Nanotechnol. 2015;6(1):1.
Kayani ZN, Umer M, Riaz S, Naseem S. Characterization of Copper oxide
nanoparticles fabricated by the Sol-Gel Method. J Electron Mater.
2015;44(10):3704–9.
Kumar M, Swamy BK. Role of heat on the development of electrochemical sensors on bare and modified Co3O4/CuO composite nanopowder
carbon paste electrodes. Mater Sci Eng C. 2016;58:142–52.
Bharathi D, Vasantharaj S, Bhuvaneshwari V. Green synthesis of silver
nanoparticles using Cordia dichotoma fruit extract and its enhanced
antibacterial, anti-biofilm and photo catalytic activity. Mater Res Express.
2018;5(5):055404.
Hameed A, Sheikh M, Hameed A, Farooq T, Basra S, Jamil A. Chitosan seed
priming improves seed germination and seedling growth in wheat (Triticum aestivum L.) under osmotic stress induced by polyethylene glycol.
Philipp Agri Sci. 2014;97(3):294–9.
Salama KH, Mansour MMF, Al-Malawi HA. Glycinebetaine priming
improves salt tolerance of wheat. Biologia. 2015;70(10):1334–9.
Dubois M, Gilles K, Hamilton J, Rebers P, Smith F. A colorimetric method
for the determination of sugars. Nature. 1951;168(4265):167.
Varavinit S, Chaokasem N, Shobsngob S. Immobilization of a thermostable alpha-amylase. Sci Asia. 2002;28(3):247–51.
Drapeau GR. Protease from Staphyloccus aureus. Methods in Enzymology.
Amsterdam: Elsevier; 1976. p. 469–75.
Britton C, Mehley A. Assay of catalase and peroxidase. Methods Enzymol.
1955;2:764–75.
Giannopolitis CN, Ries SK. Superoxide dismutases: I. Occurrence in higher
plants. Plant Physiol. 1977;59(2):309–14.
Ainsworth EA, Gillespie KM. Estimation of total phenolic content and
other oxidation substrates in plant tissues using Folin-Ciocalteu reagent.
Nat Protoc. 2007;2(4):875.
Heath RL, Packer L. Photoperoxidation in isolated chloroplasts: I. Kinetics
and stoichiometry of fatty acid peroxidation. Arch Biochem Biophys.
1968;125(1):189–98.
Goodwin TW. Chemistry and biochemistry of plant pigments. Cambridge:
Academic Press; 1976.
Arnon DI. Copper enzymes in isolated chloroplasts Polyphenoloxidase in
Beta vulgaris. Plant Physiol. 1949;24(1):1.
El-Hendawy S, Elshafei A, Al-Suhaibani N, Alotabi M, Hassan W, Dewir YH,
et al. Assessment of the salt tolerance of wheat genotypes during the
germination stage based on germination ability parameters and associated SSR markers. J Plant Interact. 2019;14(1):151–63.
Behboudi F, Tahmasebi Sarvestani Z, Kassaee MZ, Sanavi M, Mohamad
SA, Sorooshzadeh A, et al. Evaluation of chitosan nanoparticles effects
on yield and yield components of barley (Hordeum vulgare L.) under late
season drought stress. J Water Environ Nanotechnol. 2018;3(1):22–39.
Choudhary RC, Joshi A, Kumari S, Kumaraswamy R, Saharan V. Preparation of Cu-chitosan nanoparticle and its effect on growth and enzyme
activity during seed germination in maize. J Pharmacogn Phytochem.
2017;6(4):669–73.
Bewley JD, Bradford K, Hilhorst H. Seeds: physiology of development,
germination and dormancy. Berlin: Springer Science & Business Media;
2012.
Ali AS, Elozeiri AA. Metabolic processes during seed germination. In:
Jimenez-Lopez Jose C, editor. Advances in seed biology. London: Intech;
2017. p. 141.
Al-Jebory EI. Effect of water stress on carbohydrate metabolism during
Pisum sativum seedlings growth. Euphrates J Agric Sci. 2012;4(4):1–12.
Sallam A, Alqudah AM, Dawood MF, Baenziger PS, Börner A. Drought
stress tolerance in wheat and barley: advances in physiology, breeding
and genetics research. Int J Mol Sci. 2019;20(13):3137.

Page 13 of 13

49. Kosová K, Prášil IT, Vítámvás P. Protein contribution to plant salinity
response and tolerance acquisition. Int J Mol Sci. 2013;14(4):6757–89.
50. Hendawey M. Effect of salinity on proteins in some wheat cultivars. Aust J
Basic Appl Sci. 2009;3(1):80–8.
51. O’Hara LE, Paul MJ, Wingler A. How do sugars regulate plant growth and
development? New insight into the role of trehalose-6-phosphate. Mol
Plant. 2013;6(2):261–74.
52. Poonam RB, Handa N, Kaur H, Rattan A, Bali S. Sugar signalling in plants:
a novel mechanism for drought stress management. In: Ahmad P, editor.
Water stress and crop plants. New York: Wiley; 2016. p. 287–302.
53. Almodares A, Hadi M, Dosti B. The effects of salt stress on growth parameters and carbohydrates contents in sweet sorghum. Res J Environ Sci.
2008;2(4):298–304.
54. Sami F, Yusuf M, Faizan M, Faraz A, Hayat S. Role of sugars under abiotic
stress. Plant Physiol Biochem. 2016;109:54–61.
55. Adda A, Regagba Z, Latigui A, Merah O. Effect of salt stress on (Alpha]amylase activity, sugars mobilization and osmotic potential of Phaseolus
vulgaris L. Seeds Var.’Cocorose’and’Djadida’during germination. J Biol Sci.
2014;14(5):370–5.
56. Liu L, Xia W, Li H, Zeng H, Wei B, Han S, et al. Salinity inhibits rice seed
germination by reducing α-amylase activity via decreased bioactive gibberellin content. Front Plant Sci. 2018;9:275.
57. Martinez M, Gómez-Cabellos S, Giménez MJ, Barro F, Diaz I, Diaz-Mendoza
M. Plant proteases: from key enzymes in germination to allies for fighting
human gluten-related disorders. Front Plant Sci. 2019;10:721.
58. Schulze Hüynck J, Kaschani F, van der Linde K, Ziemann S, Müller AN,
Colby T, et al. Proteases underground: analysis of the maize root apoplast
identifies organ specific papain-like cysteine protease activity. Front Plant
Sci. 2019;10:473.
59. Wang X, Cai X, Xu C, Wang Q, Dai S. Drought-responsive mechanisms in
plant leaves revealed by proteomics. Int J Mol Sci. 2016;17(10):1706.
60. Sofo A, Scopa A, Nuzzaci M, Vitti A. Ascorbate peroxidase and catalase
activities and their genetic regulation in plants subjected to drought and
salinity stresses. Int J Mol Sci. 2015;16(6):13561–78.
61. Goswami A, Banerjee R, Raha S. Drought resistance in rice seedlings
conferred by seed priming. Protoplasma. 2013;250(5):1115–29.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

