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The present study investigated the biochemical impact of ZnO nanoparticles (NPs) and salinity
stress in Camelina (Camelina sativa L.) plants. ZnO NPs were applied at 0, 20, 40 and 80 mgL-
1 and salinity stress (NaCl) were at 0, 50, and 100 mM. Salinity stress significantly enhanced
total phenolic compounds, anthocyanin, carotenoid and ability to scavenge the DPPH radical in
shoots and roots. We demonstrate that the ZnO NPs, plant carotenoid content is profoundly
affected by salinity and ZnO NPs. Salinity stress decreased zinc concentration in shoots and
root, but increased macro-element such as calcium (Ca) and phosphorous (P). Application of 20
mgL" ZnO NPs gave the most impact contents of calcium (Ca), phosphorous (P). With
increasing ZnO NPs concentration, zinc (Zn) content was increased. Foliar application of ZnO
NPs did not show any significant effect on flavonoid content in Camelina but caused increases
in DPPH radical scavenging capacity in shoot and root. We found that the amount of phenolic
compounds in shoot was decreased at 20 mgL™ of ZnO NPs concentration. ZnO NPs at 20
mgL™" was more provocative to reduce the effects of NaCl. Therefore, the results suggest that
the appropriate concentration of ZnO NPs (20 mgL™) could overcome the negative effects of

salt stress in Camelina.
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Camelina sativa (camelina, false fax or gold of
pleasure) is an oilseed crop of the Brassica (Cruciferae)
family (Hunsaker et al., 2013) that contains other bio-
active compounds such as flavonoids and phenolic
products (Cherian, 2012) and considers as a new
source of essential fatty acids, particularly omega-3 fatty
acids (lbrahim and Habbasha, 2015). Camelina has
enhanced drought, salinity and cold tolerance, displays
early maturation, and requires fewer inputs compared to
other oilseed crops (Heydarian et al., 2018). Ability to
avoid drought by developing deep root systems or
making metabolic adjustments is a common feature of

both drought and salt tolerance (Heydarian et al., 2018).

Among the abiotic stresses, salinity is one of notable
challenge factor impairing agricultural productivity
worldwide which causes impairment and inhibition of the
development and growth crops (Khalid et al., 2015). It
causes the disruption of the homeostatic balance of
water potential and resulting in decreased availability of
water to root cells and the plants tend to accumulation of
cytotoxic ions which decreases metabolism and imposes
premature senescence and ultimately kills cell in their
vacuoles to protect their cytoplasmic water potential
(Vahdati and Lotfi, 2013). These metabolic imbalances

cause oxidative stress.

It is crucial to understand how ROS disturb the
balance of biological processes, which is currently a
great challenge. Also, secondary metabolites are the
main sections of plants with a great pharmaceutical

value (Kreslavski et al., 2013).

Accordingly, secondary metabolites are critical for
the environmental adaptation and stress alleviation in
plants. Abiotic environmental factors include the heavy
metals, light, drought, and salt that can affect plant
growth and secondary metabolite production (Akula and
Ravishankar, 2011).

‘Elicitor’ as a substance, initiates or improves the
biosynthesis of specific compounds in living cell system
when applied at trace amounts. Moreover, the change in
the concentration of micronutrient nanoparticles in
plants, as Elicitor, may be shown to be effective on

secondary metabolites production. Although zinc is one

of the most abundant elements on Earth, due to low
solubility of zinc containing minerals, it is in low
concentration or not accessible for plants and
microorganisms, specifically in dry areas with alkaline
and saline soils. In this regard, a strategy for solving zinc
deficiency is the application of nanoparticles (Marslin et
al., 2017). Sprays are one of the direct routes of ZnO
NPs into the environment, which are also present in
agricultural spraying as a protector material against UV
radiation (Gogos et al., 2012).

In recent years, the increasing number of evidences
has substantiated the role of secondary metabolites as
antioxidants and antiradicals, which help the plants in
alleviating oxidative stress in hostile environments.
Synthesis and accumulation of polyphenol are generally
induced in response to biotic and abiotic stresses
(Arbona et al., 2013; Bartwal et al., 2013). The major
advantage of plants is the synthesis of bioactive
secondary metabolites. In addition, the array of
secondary metabolites is specific to plant species, and
also their biosynthesis is strictly regulated at the
developmental stage, by tissue or cell groups, and of
course by several stress factors (Munns et al., 2008;
Karowe and Grubb, 2011). Moreover, secondary
metabolites play an important role in the adaptation and
defense of plants facing adverse environmental
conditions. Accordingly, flavonoids are known as
secondary plant metabolites with a wide variety of
possible functions including antioxidative activity (Keilig
and Ludwig-Muller, 2008). Carotenoids are also
considered as non-enzymatic anti-oxidants (Telesinski
et al., 2008). Therefore, the purpose of this study was to
investigate the changes in the chemical composition of
the shoot parts and roots of camelina plants affected by
salinity and the spraying of ZnO NPs In this regard, it
has been found that, the foliar application of nano-Zn
decreased the negative effects of salinity stress on
sunflower (Torabian et al., 2016) and cotton (Hussein
and Abou-Baker, 2018) plants. Also, ZnO NPs increased
the yield and grow parameters of cotton under the stress

conditions.

The present study investigated the effects of ZnO

NPs at salinity concentrations on secondary metabolites
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production in camelina using these nano, which maybe

stimulate secondary metabolite synthesis.
MATERIALS AND METHODS

Seeds of Camelina were supplied by Strictly
Medicinal Seeds Newsletter of Oregan province state,
USA. Also, the effects of salinity and ZnO NPs foliar
spray on the biochemical and physiological responses of
the plants were experimentally investigated in a
greenhouse during the growing seasons in 2016. At first,
ten seeds were planted in perlite/soil mixture (1:2) filled
pots with soil texture of clay-loamy. Afterward, the soil
samples were taken from a farmland at depth between 0
and 30 cm. next, chemical and physical characteristics
of soil were evaluated using Hydrometer method, as
shown in tables 1 and 2. At 4-leaf stage, three of the
highest grown plants with homogenous seedlings were
identified in each pot and the other plants were then
removed. The pots were kept in a greenhouse under a
photoperiod of16/8 h at 20+3°C and 18+3°C during days
and nights for one month, respectively. Then, they were
treated with different concentrations of NaCl and ZnO
NPs.

A Factorial experiment with three salinity (0, 50, 100
mM) and four ZnO NPs concentrations (0, 20, 40, 80 mg
L") concentrations was performed based on the
completely randomized design (CRD) with three
replications. Subsequently, NaCl was added to irrigation
water in step-wise aliquots of 50 mM up to 100 mM.
Foliar application of ZnO NPs was applied twice as
follows: the first one was immediately used after the end
of six-leaf stage and the second foliar application was
carried out one week later. Plants were sprayed until the
leaves were completely wet. The control plants were

also sprayed with the same quantity of distilled water.

NP solutions were prepared by suspending ZnO NP
in de-ionized water through ultrasonication (100 W and
40 KHz for 30 minutes) (Prasad et al., 2012). After
dispersion, solution pH was adjusted at 6.7. The
scanning electron microscope (SEM) images of ZnO
NPs are shown in Figure 1. The particles were white in
color with almost spherical morphology with diameter 10
- 30 nm, density 5.60 g/cm?® and purity 99%.

In each pot, one plant was selected for further
growth and performing the biochemical and
physiological analyses and the remaining two plants
were left to reach the seed stage. Once the fresh
biomass of plants was recorded, they were dried in an
oven for two days at 70°C and their dry biomass was

measured to determine the plant growth.
Preparation of extracts

Portions of dried plant shoots and roots (0.1 g) were
extracted with chloroform, methanol and ethyl acetate
using soaking method for 48 h followed by shaking for
30 min, filtering through anhydrous sodium sulfate, and
performing vacuum-evaporation. Then, extracts were

stored at 4 °C in sealed vials until test.
Total content of phenolic compounds

Total phenolics contents in methanolic extracts were
measured by Folin-Ciocalteu method. (0.2 cm?®) aliquots
of methanolic extracts were placed in (10 cm?
volumetric flasks and diluted with (0.5 cm?® Folin-
Ciocalteu reagent. After three min, 1 cm?®saturated
sodium carbonate was added and flasks were filled with
water to (10 cm?). After 2 h, absorbance of samples was
measured on a UV-Vis spectrophotometer (HALO XB-
10) at Amax 725 nm against a reagent blank and were
reported as total phenols in micromoles of Gallic acid

equivalents (GAE) per gram of fresh weight.
DPPH free radical scavenging activity

Briefly, a 0.1 mM solution of DPPH?° in methanol was
prepared and 0.3 ml of this solution was added 0.5 ml of
samples at different concentrations (10-80 pg/ml).
Mixtures were vigorously shaken and left for 30 min at
room temperature. Then, their absorbance was recorded
at 517 nm on a spectrophotometer. Lower absorbance
of reaction mixture indicated higher activity of free
radical-scavenging (Ak and Gulcin, 2008). DPPH°
radical scavenging capacity was calculated using the

following equation:

AS
DPPH? scavenging effect % = (1- AC ) x100

Where AC is control absorbance and AS is the
absorbance in the presence of samples or standards

(Elmastas et al., 2006). Scavenging activity was
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reported as percentage decrease in absorbance with

time.
Determination of flavonoid content

Flavonoid contents of plant extracts were measured
using spectrophotometric method (Staszczak, 2008).
Samples were consisted of 1 ml extract methanol
solution and 1 ml 2% AICI; solution dissolved in
methanol and were incubated for 1h at room
temperature. Samples absorbance was recorded in
triplicates using spectrophotometer at Anax = 415 nm and
average absorbance value was reported. Similar
procedure was employed for standard solutions and a
calibration curve was drawn and the concentrations of
flavonoids in extracts were reported in terms of routine
equivalent (um/g in 0.1 g dry sample).

Total anthocyanin content

To determine total monomeric anthocyanin
concentration by pH differential method, a simple and
rapid spectrophotometric method based on the structural
transformation of anthocyanin and pH change (colored
at pH 1.0 and colorless at pH 4.5) (Lee et al., 2005), 3
ml extract sample was diluted in 5 ml of two different
buffers: 0.025 M potassium chloride at pH 1.0 and 0.4 M
sodium acetate at pH 4.5. After incubation for 30 min at
room temperature, absorption (A) was measured at A =
510 and A = 700 nm (spectrophotometer UV-visible
HALO XB-10). All experiments were performed in
duplicate.

The following results were obtained according to Lee
et al. (2005):

Asp = (A510 — A700) pH1.0 — (A510 — A700) pH 4.5

Total anthocyanin (TA) was determined using the

following equation:
TA = (AbS pi1- AbS pyas) X 484.82 x1000/2485x A x DF

where 484.42 and 2482 molecular weight and molar
absorption coefficient (cyanidin3- glucoside molecule), A
is cuvette optical path length (1 cm) and DF is dilution
factor. Total anthocyanin content was reported as mg of

anthocyanin in 0.1 g dry sample.

Carotenoid assays
Carotenoid was extracted using 0.1 g fresh material
in 10 ml 80% aqueous acetone. After filtering,

carotenoid content was measured on a

spectrophotometer (Shimadzu, Japan) at 663.2 nm and
carotenoid concentration was calculated according to
the method of Lichtenthaler (1987).
Measurement dissolved metal ion content

To investigate the roles of the dissolved metal ions
in causing phytotoxicity, Zn*? content of metal oxide NPs
suspensions was determined. Firstly, ZnO NPs
suspensions at (0, 20, 40, 80 mgL™) was centrifuged at
15,000 rpm for 30 min after dispersal Then, the
supernatant was filtered through 0.2 m glass filters, and
the content of Zn element was analyzed by ICP-OES
method (730-ES Varian company, USA) at Sharif
Industrial Laboratory Service Center (206 nm) (Table 2).
Sample preparation

One-gram sample of shoots and roots dried in an
oven were grounded in mortar. Then, the obtained
powder was stored in a dry and dark place at room
temperature in the polyethylene bags till further
analyses.
Elemental analysis

Dried samples (0.1 g) were digested by
concentrated H2 SO4 (99.7%). Concentration of Zn and
Ca was determined using atomic absorption
spectrophotometer (model Aa680, Shimadzu, Japan)
according to method described (Allen et al., 1984,
Ebrahimian et al., 2017) Total P content was obtained
by complete digestion of the samples (500 mg FW, in
triplicate) with nitric acid (100%) and perchloric acid
(100%) (1:2 wv/v) and subsequent colorimetric
quantification using the molybdate method (Gomes et
al., 2017).
Statistical analysis of data

The data were tested for normality of residuals using
the Kolmogorov-Smirnov. Analysis of variance (ANOVA)
was performed using PROC GLM in SAS 9.2. Means
were separated using Tukey’s test and each average
was presented with the standard error. Significant
differences between means were denoted with letters
and different letters denote statistical significance at
p<0.05.

RESULTS

Phenol content

Phenol content increased in shoot and root at 100
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mM of salinity stress that were observed to be 14.48%
and 69.84%, respectively, as compared to the control
plants (Figures 2A and B). Also, foliar application of ZnO
NPs at 80 mgL™ concentration increased the total
phenol content in both shoot and root (8.25%) and root
(32.75%) as compared to the control plants (Figures2-A
and B). The maximum total phenol contents of shoot
and root were obtained at 100 mM of salinity stress and
80 mgL® of ZnO NPs in shoot (36.19%) and in root
(96.83%) compared to the control plants (Figures 2A
and 2B). However, ZnO NPs at all the concentrations
with NaCl (100 mM) increased the amount of phenol in

the root (a relatively stable increase) (Figure 2B).
DPPH radical scavenging activity

Total anti-oxidative capacities of shoot and root has
also increased along with the increase of salt stress
(Figures 2C and 2D). The highest total anti-oxidative
capacity was obtained in shoot (28.52%) (Figure 2C),
and root (28.63 %) under 100 mM of salinity stress
(Figure 2D). The lowest decrease in DPPH radical
scavenging activity was observed in shoot (16%) and
root (7.84%) due to applying ZnO NPs at 20 mgL™
(Figures 2C and 2D).

The obtained results show that, the lowest anti-
oxidant capacity of root was obtained for the combined
treatment of salinity stress at 100 mM and ZnO NPs at
20 mgL™ with a 6.36% reduction compared to those
plants treated by only NaCl at 100 mM (Figure 2D).
Moreover, the plants treated with NaCl 50 mM and ZnO
NPs (20 mgL™) had shown the lowest DPPH radical
scavenging activity (7.19%) of root (Figure 2D).

Flavonoid content

The significantly highest flavonoid content of shoot
was evidenced under salinity imposition NaCl 100 mM
(8.69%) as compared to the non-stressed plants (Figure
2E). In addition, flavonoid content of root indicated no
significant alteration under salt stress (Figure 2F).
Moreover, no meaningful change was observed in
flavonoid contents of shoot and root by the foliar
application of ZnO NPs. The lowest total flavonoid
content of shoot was found in the combined treatment of
NaCl (50 mM) and ZnO NPs (40 mgL™?) (10.6%) also,
the plants treated with NaCl (100 mM) and ZnO NPs (40

mgL™?). contained the lowest shoot flavonoid level
(32.72%) (Figure 2E).

Anthocyanin

Application of 100 mM NaCl enhanced the
anthocyanin contents to 46.66% and 57.14% in shoot
and root as compared to the control plants, respectively
(Figures 2G and 2H). The anthocyanins level showed
steady increases in shoot and root under the
applications of40 and 80 mgL™ ZnO NPs applications
(Figures 2G and 2H). The highest amount of
anthocyanin was observed under the concomitant
treatment of NaCl (100 mM) and ZnO NPs (80 mgL™) in
shoot (93.22%) as compared to the control plant. In root,
the highest anthocyanin content was detected with the
combination treatment of salinity (50 mM) and ZnO NPs
(40 mgL™) (1.15 fold) as compared to the control plants
(Figures 2G and H).

Carotenoid

Carotenoid content has significantly increased at
(21.9%) at 100 mM. NaCl exposure as compared to the
normal conditions (Figure 2I).The lowest carotenoid
content was observed under ZnO NPs (20 mgL™)
application by a 7.84% decrease as compared to the
control plants(Figure 2I). The combined treatment of
ZnO NPs at all concentrations with NaCl (50 mM)
induced the lower carotenoid contents compared to
NaCl (50 mM) without applying ZnO NPs (Figure 2I).
The highest carotenoid content was observed under the
combined treatment of (100 mM) and ZnO NPs (40 mgL-
1) with 38.057% increase.

Zn, P, Ca Concentrations

NaCl affected the elements content of shoots and
roots in camelina. The calcium calcium (Figures 2A and
2B) and zinc (Figures 3C and 3D) and zinc decreased in
shoots and roots with the increasing salinity to 100 mM.
Application of 100 mM NaCl that decreased calcium
content to the lowest level as reported to be 27.90% in
shoot (Figure 3A) and 43.18% in root (Figure 3B) in root
in comparison to the control plants. The amount of zinc
decreased in shoot to 39.90% (Figure 2C) and root to
29.57% (Figure 3D) at 100 salinity stress.
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However, an increase in NaCl level t0100 mM NacCl,
and a decline in phosphorus content of roots to
(89.09%) were observed (Figure 3E).

On the contrary, the maximum amount of
phosphorus was observed under0 mM NaCl in shoot
(control plants) (Figure 2F). Also, application 0f100 mM.
NaCl, decreased the phosphorus contents of shoot
(50.71 %) in comparison to the control plants (Figure
3E).

The plants treated with 20 mgL® ZnO NPs
experienced non-significant increase of calcium in
shoots (Figure 3A). In the root, a significant reduction
was observed in calcium as 26.96%, due to the spraying

of80 mgL? ZnO NPs
accumulation of zinc was observed under all ZnO NPs

(Figure3- B). In shoot,

applications, with 20.07% and 13.02% induction under
40 and 80 mgL™, respectively (Figure 3C).

Moreover, in this study, zinc content has significantly
enhanced under all the concentrations of ZnO NPs in
root (Figure 3D). In shoot tissues, the lowest amount of
phosphorus with a 76.39% reduction was observed by
applying ZnO NPs (80 mgL™) (Figure 3E). As well as in
the root, a 2.4-fold decrease was observed in
phosphorus under 80 mgL* ZnO NPs treatment (Figure
3F).

Table 1. Effect of methyl salicyate (MeSA)on SOD (U/mg FW) activity of three rice genotypes.

. Mn Zn K P N
Clay Sandy Silt EC Cu
Texture mgL’ mgL" mg/100g mg/100g mg/100g PH
% % % % mgL* mgL* ~ ] ]
. . soil soil soil
Loam-
15 53 32 11 06 0.2 7.6 1 15 8.5 14 7.6
sand

Table 2. The concentration of the amount used in the suspension of Zn used in this experiment.

Concentration
20 40 80
ZnO NPs mgL™*
Zn (ppm) 0.55+0.80 0.89+1.40 1.45+0.50
S
B
20 60 80 100 120

2Theta[degree]

Figurel. Graph and images by microscope SEM. (Scanning electron microscope) (by Akhavan Hezaveh et

al., 2020)
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Minimum quantities of calcium (2.56 mg/g DW)
(Figure 2A) and zinc (35.5 pg/gbW) (Figure 3C) were
detected in shoot at 100 mM NacCl stress and 80 mgL™
ZnO NPs. In roots, the lowest value of calcium content
of 2.30 (mg/g DW) was found in the plants treated with
100 mM NaCl and ZnO NPs (0 mgL™) (Figure 2B). Also,
application of 100 mM NaCl with ZnO NPs (80 mgL™)
altered the zinc content to 23.03 (ug/gDW) in roots
(Figure 3D). The highest amount of phosphorus was
evidenced under the treatment of NaCl (100 mM) and
ZnO NPs (40 mgL™) by 3.47 times more than the control
plants (Figures 3E). In the root tissues, the highest
increase was observed to be 8.16 times at50 mM NaCl
and 20 mgL* ZnO NPs with 6.18 as compared to the

control plants (Figure 3F).
DISCUSSION

Total phenol

The result of this study show that, the total
phenol contents of shoots and roots have significantly
increased under NaCl(100 mM). In fact, by increasing
salinity concentration, an enhancement was observed in
secondary metabolite as well as toxicity symptoms. The
result of the present study revealed very slight and
significant

changes in phenolic and anthocyanin

contents under ZnO NPs exposure. When plant
experiences metal stress, phenolic compounds can act

as either metal chelators or ROS scavengers (Michalak,
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2006). Accordingly, the role of zinc in the application of
carbon to produce phenolic compounds in shikimic acid
cycle and acetate can be considered as one of the
reasons of this increase (Misra et al., 2006). Hamid et
al. (2010) and Vinod et al. (2012) reported an increase
in the total phenolic content in wheat plants under Cu
and Zn stress. Zinc induces oxidative stress (80 mgL™)
and also produces free radicals in plants, and also
enables non-enzymatic antioxidant defense system
(such as carotenoids and phenolic compounds) (Misra
et al., 2006). In addition, the application of ZnO NPs with
salinity did not only help the salinity improvement, but
also induced oxidative stress by generating free radicals
and reactive oxygen species (ROS). Excessive ZnO
NPs at 80 mgL™ in interaction with salinity could
profoundly affect the normal ionic homeostatic systems
by intervening with the uptake, transport, osmotic
adjustment of essential ions, which result in the format
of metabolic processes such as transpiration,
photosynthesis and enzyme activities related to
metabolism (Mahajan et al., 2011). Notably, there have
been numerous reports on the induced accumulation of
the phenolic compounds and defense systems in the
plants under stress. In plants, phenolic compounds such
as flavonols and phenyl propanoids act as the potential
antioxidant compounds by donating electrons to
guaiacol peroxidases (GPX) to detoxify the high
amounts of H,O, produced under the stress conditions
(Bartwal et al., 2013). The obtained results showed that
the enhancement in phenolic biosynthesis of the Zn
treated (80 mgL™) groups might be due to a higher
expression of genes in the phenolic biosynthetic
pathway
DPPH

DPPH scavenging assay is a reliable and easy
technique to investigate antioxidant properties. DPPH
scavenging has been employed on studying the
antioxidant properties of wheat, vegetables, herbs,
edible seed oils, conjugated linoleic acids, and flours in
various organic solvents such as ethanol, aqueous
acetone, methanol, aqueous alcohol, and benzene
(Zhou et al., 2005). DPPH radical scavenging activity (I
%) has significantly elevated under salinity stress. Also,

the enhancement of 1% means that more antioxidants

have been produced. Moreover, the treatment with ZnO
NPs (20 mgL™) decreased 1% levels in the treated
plants.

It was turned out that, the plant responses to the
salt stress are complex and involve both osmotic and
ionic homeostasis, as well as cell detoxification. An
increase has been reported in free radical degradation
activity of DPPH for Cakile maritime under salinity stress
(Ksouri et al., 2007). Also, antioxidants could interfere
with the oxidation process induced by various stresses
acting as oxygen scavengers; therefore, the tolerance to
salinity stress might be correlated with an increase in the
antioxidant potential (Zhou et al., 2018).

General conclusions in our study on the effects of
ZnO NPs have indicated that, it has no significant effects
on DPPH activity. Our results suggest that, all camelina
extracts (both plant organs) had antioxidative properties;
however, the scavenging activity was the highest that
was obtained from roots subjected to salinity stress. An
indirect relationship was found between the nutritive
effect of zinc on DPPH radical scavenging activity and
the role of zinc in increasing the amount of phenolics,
which is in agreement with our results. Also, a direct
relationship has been reported between the antioxidant
capacity and amount of phenolic compounds (George et
al., 2005s; Marreiro et al., 2017). Total antioxidant
activity was declined at two levels of salinity in
combination with ZnO NPs (20 mgL™), which can be due
to the positive effects of zinc on reducing the percentage
of radical degradation ZnO NPs (20 mg L* in root).
Hence, by increasing salinity, zinc plays an antioxidant
role; therefore, it produces less antioxidants. Also, an
enhancement has been detected in the DPPH activity of
methanolic extracts of M. vulgare. under 100 mM. NaCl
(Rezgui et al., 2017).

Flavonoid

Accumulation of flavonoids due to salinity may
indicate that, camelina is relying on large amounts of
flavonoid to cope with the harmful impacts of salinity.
Plants respond to salt stress by simulating
phenylalanine ammonia lyase PAL) (Gao et al., 2008),
which is involved in the phenylpropanoid pathway
enhancing the phenolic production (Lim et al., 2012).

One reason for the flavonoid content induction is
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restricting the photosynthetic electron transfer during
stress causing metabolic changes in the plant.
Flavonoids make membranes resistant to oxidative
factors by reducing their fluidity as well as prevention of
free radical's release. Moreover, flavonoids are
frequently induced by abiotic stress and play a role in
plant protection (Grace and Logan, 2000: Mierziak et al.,
2014). Accordingly, they are accumulated in the plant
tissues, which can protect them from damaging effects
due to their free radical scavenging activity induced by
the hydroxyl groups. Besides, stress factors can induce
the increased generation of toxic reactive oxygen
species (ROS). Flavonoids are strictly controlled by the
plant antioxidative system ROS (Mierziak et al., 2014).
Due to the positive effects of zinc on stress reduction, it
may reduce flavonoids in the same treatments.

According to our results, the increased ZnO NPs
concentration elevated the amount of flavonoid in shoots
and roots compared to the control plants. Decreasing
stress effects by flavonoids can be attributed to the
attachment of phenolic to heavy metal ions (Arbona et
al., 2013). Moreover, flavonoids decrease the production
of reactive oxygen species (ROS) through suppressing
singlet oxygen and inhibiting the enzymes that generate
ROS (Mierziak et al., 2014). Therefore, it was concluded
that, concentration of bioactive secondary metabolites
such as flavonoids in edible parts of plants is severely
affected under stress conditions, altering health, and
organoleptic properties of the plants. Previous studies
also reported the induction of flavonoids under an extra
heavy metal stress (Kim et al., 1999; Michalak, 2006).
Also, adjunct of Heavy metals for example zinc affect
phenylpropanoid, flavonoids, and phenol metabolisms
(Michalak, 2006). Increase in the flavonoid content by
additional heavy metals e.g Fe?, Fe*®, Cu®, zZn*, Al?
and Mg* cations, supports the results obtained Shweta
and Agrawal (2006) for spinach(Spinacia oleracea L.),
by Hilal et al. (2004) for quinoa (Chenopodium quinoa
Willd) and by Rathore et al. (2003) for wheat (Triticum
aestivum L.).

Although in this study, flavonoid content of shoot
was not significantly increased by increasing of ZnO
NPs, in the root, it was the reverse. Furthermore,
flavanols are among the metabolites of anthocyanin

biosynthetic pathway at camelina and upstream
enzymes in the flavonoids biosynthetic pathway that
seems to enter anthocyanidins biosynthetic pathway
(Dai et al., 2016).

Anthocyanin

Anthocyanins play significant roles in alleviating
abiotic and biotic stresses in plants. One of the factors
indicating that extra metals (Posmyk et al., 2009) and
NaCl (Wahid and Ghazanfar, 2006) lead to oxidative
stress is considered to be the increase in the amount of
anthocyanin. Anthocyanin has antioxidant properties,
acts as free radical receptor, and protects plants against
oxidative stress (Elisia, 2006).

Under the salinity stress conditions, anthocyanin
can act as an osmotic regulator. In this regard,
anthocyanin can also become an osmotic compatible
solution under the aqueous or salinity stress conditions.
Their synthesis and localization in roots, stems, and
especially in leaf tissues make them possible for the
plant to develop resistance against several
environmental stresses. Also, an increase in
anthocyanin content indicates its protective role in
handling the stress and possibly reduces the damage
caused by salinity (Wang et al., 2009). Anthocyanin
accumulation is stimulated by an increase in the salinity
concentration in various plant organs (Eryilmaz, 2006).

In this regard, it is still unknown that whether the
induction of anthocyanin is just a response to stress or is
a defensive system against the biological damages
(Asad et al., 2015). However, a higher anthocyanin level
can decrease oxidative stress (Elisia, 2006).

In this work, we have found an increase in
Anthocyanin under saline soils. Generally, salinity and/or
zinc can increase the photosensitivity through disturbing
the structure of chloroplast, so the plant produces the
light protective pigments like anthocyanin that protect
the plant against light-induced oxidative damage
(Jahangir et al., 2009). It is still unknown that, whether
the induction of anthocyanin is just a response to stress
or is a defensive system against biological damages
(Asad et al., 2015). One of the factors indicating that
heavy metals (e.g. zinc) lead to oxidative stress is the
increase in the amount of anthocyanin (Posmyk et al.,
2009).
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Carotenoids

Carotenoids are soluble antioxidant compounds,
which manage to reduce the oxidative damage to the
plant through the non-enzymatic pathway. Also, they are
one of the essential components for salt tolerance in
plant species (Abedini, 2016). In addition, carotenoids
raise antioxidant capacity of plant, to protect the
photosynthetic systems (Abedini, 2016). Elevation in the
carotenoid content under salinity can dissipate
excessive energy of photosystems | and Il as heat or in
non-harmful chemical reactions and can also fix
chloroplast membrane (Havaux et al., 2003; Coskun et
al., 2010).

Application of ZnO NPs slowly and constantly
increased the carotenoid content. Zn due to
detoxification is able to prevent the photosynthetic
membranes degradation. Increasing carotenoids in
stressed plants, with a positive effect on the fluidity of
thylakoid membranes, can reduce the permeability of
membranes against reactive oxygen species (Candan et
al., 2003). As a result, photosynthetic systems would be
protected against the oxidative damages. In addition,
ZnO NPs foliar application increased carotenoids that
cause a reduction in the amount of lipids peroxidation;
more  protection of cells, chloroplasts, and
photosynthesis pigments; and chlorophyll catabolism
prevention. It seems that, a certain amount of zinc
induces oxidative stress and also causes the synthesis
of carotenoids.

The concomitant application of ZnO NPs (20 mg L™)
and NaCl (100 mM) exerted a significant decrease in the
carotenoid content and then showed a steady increase
along with the Nano increasing. Reductions in the
interaction between salinity and ZnO NPs may be due to
the positive effect on zinc. Notably, improvement of zinc
effect on salinity on pigments has already been reported
in (Weisany et al., 2011) and tomatoes (Askari et al.,
2015). The inhibitory effect of the sufficient
concentrations of Zn application on the production of
these components in saline conditions has also been
reported by Weisany et al. (2012).

Calcium, Zinc and Phosphorus
The obtained results reveal that, salinity stress

effects on the content elements of camelina and ZnO

NPs spraying caused a decrease in calcium, zinc, and
phosphorus contents of shoot and root. In this regard,
phosphorus is the most important element interfering
with zinc uptake by plants. Mateos-Naranjo et al. (2008)
demonstrated that, zinc can affect the tissue phosphorus
concentrations of S. densiflora. Foliar applications of
ZnO NPs resulted in the increased amount of zinc in
shoot and root decadence of the phosphorus in shoot
and root. It has been reported that, along with increasing
of the zinc concentrations, zinc concentration in the root
and shoots of corn increases; therefore, its amount is
going to be more in the shoot than the root (Hong and
Ji-Yun, 2007). Also, Zinc is an active element in
biochemical processes, which has chemical and
biological interactions with some other elements
(Mousavi et al., 2012). The differences in shoot and root
for zinc could be due to the efficient zinc transport
through the shoots cortex and its translocation via the
xylem occurring in camelina. The low zinc translocation
that was measured (87) here is comparable to that
observed by Sofo et al. (2013), who exposed
Arabidopsis plants to 150 pM. ZnSO4 for 14 days. The
High concentrations of ZnO NPs spray due to the
decreased concentration of phosphorus can reduce the
availability of zinc (Taheri et al., 2012). The highest rate
(80 mg L™) of ZnO NPs resulted in the lowest amounts
of increases of Phosphorus and Calcium. It was
recorded that, zinc can affect the tissue Calcium, N, and
Phosphorus concentrations (Mateos-Naranjo et al.,
2008). One of the cases of salt tolerance in the plant is
calcium accumulation, which plays a role in stress and
interferes with the salinity correction (Posmyk et al.,
2007). In this regard, several studies have been
conducted on the interaction of zinc and phosphorus, all
of which confirm the zinc and phosphorus imbalance in
the plant. As a result, metabolism defects can appear in
the plant cells due to zinc and phosphorus imbalance
(Khorgamy and Farnis. 2009; Das et al., 2005).
Concentrations of phenolic compounds kept
increasing, up to the concentration of 80 mgL
'Concentrations 20 mgL™* caused significant reductions
in the anthocyanin levels; however, Anthocyanins had
their maximum activity at the concentration of 40 mgL™*

ZnO NPs, above which the activity remained constant.
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The activities of carotenoids had firstly decreased with a
mild slope up to the concentration of 80 mgL™, and
above that, they remained constant. Also, DPPH of root
showed its highest activity at the concentration of 80
mgL™ and salinity of 100 mM Therefore, in this plant, the
phenolic compounds played the most important role in
the plants' defense system, which was followed by
carotenoids and anthocyanin, and finally DPPH came in
third place. These results suggest that, the application of
ZnO NPs may have a better efficiency compared to the
conventional ZnSo4 fertilizers in overcoming the
negative effects of salt stress on camelina in 20-40 mgL"
! due to the rapid overcoming on deficient, ease of use,
and reducing the toxicity, which can be considered as a
more effective defense mechanism on salt-induced O™
generation in these concentrations of ZnO NPs. Addition
of ZnO NPs under salt stress resulted in additional
decrease in flavonoid, phenol, carotenoid, and DPPH of
root. Furthermore, it was confirmed that, the toxic effects
observed in ZnO NPs treated plants were not due to the
Zn*? release by ZnO NPs into the supernatants. Our
results show that, if Nano metal concentration increases,
Nano metal itself can be considered as a plant stress
and does not only reduce the effects of salinity, but also
exacerbates the toxicity of salinity through a high
accumulation of toxic ions. When zinc amount is
excessive, it can cause toxicity in plants. Therefore, it
can be deduced that, zinc spray application leads to an
increase in the photosynthesis of the plant. Zn
application markedly increased Zn and also decreased
Na and CIl concentrations in rice (Saleh and Maftoun,
2010).

Zinc is the micronutrient playing a major role in the
biochemical and physiological processes underlying
plant growth and carbohydrate metabolism, which have
shown a beneficial effect on the other essential
micronutrients on plant (Askary et al., 2017). Notably,
Zinc is an essential intervening with various enzymes or
can be considered as a functional structural or
regulatory cofactor (Farahat et al., 2007). Zinc is also
restricting excessive Na" and CI™ uptake (Siddiqui et al.,
2015). The selectivity of plant cells for ionic nutrient
transport is well known; however, Zn can immediately
enter because of its lower affinity to poly galacturonic

acid, compared to other elements such as Pb, Cr, Cu or
Ca (Chilian et al., 2015).

CONCLUSION

According to our results, foliar application of ZnO
NPs (20 mgL-t) could improve the physiological and
biochemical performances of camelina plants in terms of
increasing the antioxidant compounds.

In this study, ZnO NPs (80 mgL-1) with salinity (100
mM) significantly disturbed the normal ionic homeostatic
systems in plants by interfering with the uptake,
transport, osmotic, and regulation of essential ions,
which in turn result in the disruption of metabolic
processes. However, ZnO NPs (20 mg L*) decreased
the harmful effect of soil salinity and played an important
role in antioxidative system and improvement of plant
nutrition under the saline conditions.

The increase in secondary metabolites and
Anthocyanin accumulation are thought to enhance the
ROS scavenging efficiency, thereby improve the

Camelina tolerance to salt stress.
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