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Abstract: Zinc oxide nanoparticles (ZnO-NPs) have been proven to helpfully improve plant tolerance
to several abiotic stresses. However, no information has been reported concerning the role of ZnO-
NPs on pepper plants under salinity stress. Hence, this research aimed to evaluate the growth and
physiological responses of pepper (Capsicum annum L.) plants to ZnO-NP foliar application under
salinity. Plants were subjected to 0 (control), 25 (S1), 50 (S2), and 75 mM (S3) NaCl salinity with a foliar
spray of 0, 1000, and 2000 ppm ZnO-NPs. Significant reductions were recorded in the chlorophyll
index (SPAD) and chlorophyll fluorescence parameters, and in the activity and/or ratios of reduced
ascorbate (AsA), reduced ascorbate/dehydroascorbic acid (AsA/DHA), reduced glutathione (GSH),
reduced glutathione/oxidized glutathione (GSH/GSSG), and K+ content. There was a significant
increase in proline content, electrolyte leakage (EL), H2O2 content, guaiacol peroxidase (GPX), ascor-
bate peroxidase (APX), superoxide dismutase (SOD), glutathione reductase (GR), dehydroascorbic
acid (DHA), and oxidized glutathione (GSSG) activities, and in Na+ content and Na+/K+ ratio. Foliar
treatments improved the salinity tolerance of the pepper plants by fortifying the antioxidant defense
system, leaf fluorescence parameters, K+, and proline content, and in contrast, by decreasing the EL,
Na+, and H2O2 levels. ZnO-NP foliar treatment efficiently improved the pepper plants’ physiological
responses under salinity. Considering the overall results, 1000 ppm of ZnO-NPs would be advisable
for the amelioration of salinity depression and to promote growth potential. However, at higher
levels, the nanoparticle showed toxicity symptoms that limited its reliable applications.

Keywords: pepper; nanoparticles; photosystem II; glutathione; ascorbate

1. Introduction

Salinity stress is affecting crops in several ways; for example: osmotic tensions, ions
toxicity, and disorders in the nutritional, biochemical, and photosynthesis attributes [1].
The adverse effects of salinity on plants depends upon the genotype, plant growth phase,
and environmental signals [2]. Plants under saline-prone environments are facing two
obstacles: the problems in the absorption of water from the soil despite the negative osmotic
potential arising from the presence of salts and the elevated concentrations of ions such as
Na+, CO3

2−, SO4
2−, and Cl1− [3]. Plants undergo diverse defense mechanisms facing salt

stress by modifying their molecular, biochemical, nutritional, and physiological responses.
Alterations occur in the enzymatic and non-enzymatic antioxidant compounds dynamics,
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compatible solutes amounts, ions hemostasis, osmotic regulation, hormonal balance, and
even at the gene expression levels [4,5].

The chlorophyll fluorescence assay is a well-known technique in plant physiology to
attain reliable data about the photosystem II state in a relatively feasible manner, which has
a key role in crop responses to the environmental stimuli [6]. An influential technique for
assessing the impact of salinity stress on photosynthetic traits is evaluating the initial fluo-
rescence (F0), maximum fluorescence (Fm), their (F0 and Fm) difference (Fv), the maximum
primary photochemical yield of photosystem II (Fv/F0), and maximum quantum yield of
photosystem II (Fv/Fm) [7,8]. Fluorescence monitoring in the range of 380–750 nm; deliv-
ers information on the localization type, and contents of special fluorophores, containing
chlorophyll (Chl) molecules [9].

One of the most important reasons for the diminished growth potential, especially
under the saline conditions, might be a sharp decrease in photosynthesis potential [10].
The chlorophyll fluorescence and its features are extremely susceptible to alterations in
photosynthesis, which can be measured with high accuracy. The trapped solar energy in
the shape of exciting electrons of pigment molecules can be transported from energy anten-
nae to photosynthetic reaction systems, where they stimulate biochemical pathways [11].
Salinity impacts the photosynthetic pathways, especially photosystem II (PS II) potential.
Photosynthetic capabilities and the salinity tolerance can be evaluated by chlorophyll
fluorescence indices (e.g., Fv/Fm) [12]. Environmental cues which enhance the Na+ and
Cl− amounts in cells generally reduce K+ content leading to the partial deactivation of
photosystem I (PS I) and PS II. The limitation can also happen in the electron transport
chain [13]. The high accumulation of toxic ions in the chloroplast under salinity impairs the
electron transport chain and photophosphorylation rate in the thylakoid membranes [14].

Zinc is a vital micronutrient essential for diverse metabolic pathways in plants. Zinc
mediates several enzyme activities and is a core cation in some biochemical reactions
such as photosynthetic pigments and carbohydrates biosynthesis [15,16]. Zinc surpasses
Na over uptake under salinity by affecting the cell membrane’s integrity [17]. Moreover,
zinc performs a role in reducing Na accumulation and enhancing the K+/Na+ ratio in
plants under salinity [18,19]. In contrast, Zn deficiency leads to the accumulation of
harmful ions such as Na+ and Cl−. It should be considered that the joint effects of salinity
and Zn-deficiency on the plants’ growth and productivity are in need of more in-depth
investigation [20]. Zn foliar application improved the growth responses and yield of several
plants under salinity. Moreover, Zn treatment enhanced RWC and chlorophyll biosynthesis
under saline conditions. In addition, Zn foliar treatment reduced lipid peroxidation, H2O2
content, and the membrane damage in salinity-exposed plants [21].

Nanoparticles (NPs) are able to mediate plant physiological processes [22] and may
ameliorate the adverse consequences of stressor effects. Through a tiny particle size
and a greater surface area, Zn-NPs are used as fertilizer in plant production systems.
Using micronutrients as NPs is a valuable procedure to nourish the plants gradually in an
organized way, to escape the troubles of soil pollution triggered by the overuse of chemical
fertilizers [23]. Reynolds [24] noted that micronutrients as NPs are able to be used in plant
production systems. Zn keeps a prominent role in the survival of plants under saline
environments. However, NPs can be dangerous at high concentrations [25]. ZnO-NPs
are the frequently utilized nanomaterials in plant nutrition protocols. Since ZnO is more
soluble compared to other oxide NPs, its possible toxic impacts can be attributed to the
higher dissolved ionic Zn ions [26]. According to the report of Kahru and Dubourguier [27],
ZnO can be a harmful nanomaterial if applied with higher than 50 mg L−1 [28].

Pepper (Capsicum annuum L.) is an annual vegetable from the family Solanaceae under
grown in temperate and tropical climates around the world [29]. Green bell pepper is a
source of several nutrients and vitamins in the human diet and is consumed fresh or in
processed food products [30].

Owing to the ameliorative role of Zn application to smoothen the damaging effects of
salinity stress, ZnO-NPs have the enhanced Zn entry into plant cells and, therefore, increase
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the plant’s growth and productivity. Consequently, ZnO-NPs were synthesized and applied
on pepper plants in the hope to ameliorate the adverse effects of salinity, which has not
been reported so far. This research aimed to study the antioxidants’ pool and chlorophyll
fluorescence parameters under salinity in response to the ZnO-NP foliar treatment.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

The Capsicum annum cv. California Wonder seeds were supplied by Pakan Bazr seed
Company, Isfahan, Iran. The seeds were planted in a greenhouse under 25 ± 5 ◦C and
75 ± 10% relative humidity. Seedlings were fed with the modified Hoagland’s nutrient
solution including (0.47 g·L−1) calcium nitrate, 0.3 g·L−1 potassium nitrate, 0.25 g·L−1

magnesium sulfate, 0.06 g·L−1 phosphate dihydrogen ammonium, 0.1 g·L−1 Chelate Fe-
EDDHA, 2.86 mg·L−1 boric acid, 1.81 mg·L−1 manganese chloride, 0.22 mg·L−1 zinc sulfate,
0.08 mg·L−1 copper sulfate, and 0.02 mg·L−1 sodium molybdate. The pH of the nutrient
solution was adjusted at 6 with KOH (0.1 N). The young plants were transferred to 5 L
pots filled with soil. The salinity treatments were applied in the six-leaf stage. The soil was
sandy clay loam with a pH of 8.1, 1.23% organic carbon, 0.09% total N, 11.05, 570.85, 1.16,
and 1.02 mg·kg−1 of available P, K, Zn, and Fe, respectively. The completely randomized
design (CRD) was performed as a two-way factorial experiment with four levels of salinity
and three levels of ZnO-NPs. NaCl salinity was applied at four levels, 0 mM (1.55 ds·m−1),
25 mM (4.43 ds·m−1), 50 mM (6 ds·m−1), and 75 mM (8.3 ds·m−1), which were presented
as S1, S2, S3, and S4. The NaCl solution was applied with irrigation water and 300–500 mL
was used based on the growth stage of the pepper plants. In this experiment, tap water
was used for watering. The foliar ZnO-NP treatments were applied (1000 and 2000 ppm)
three times every other week and 100 mL per plant. For the control, plants were treated
with distilled water and nourished with tap water. The plants were harvested 60 days after
transplanting and some parameters such as electrolyte leakage were measured immediately
after harvesting, and for assessing the other traits, the leaves were frozen instantly in liquid
nitrogen and stored at −80 ◦C and then analyzed for 30 days after harvesting or dried for
element determination.

2.2. Preparation of ZnO-NPs

ZnO-NPs were synthesized in an aqueous medium by the direct deposition method;
which is to dissolve ammonium carbonate and zinc nitrate in distilled water to reach a
clear solution. To prepare the precursor, 50 mM of zinc nitrate solution was slowly poured
on to 50 mM of ammonium carbonate in a high-speed stirrer over 30 min. Initially, a
white deposit and later, a clear solution was obtained. Stirring continued until reaching a
supersaturated solution. The precipitate was removed from the solution by filtration. The
separated solid precipitate was washed several times using ethanol and distilled water.
The final precipitate was then dried at 100 ◦C. The resulting precursor was calcined at
temperatures above 250 ◦C to give rise to zinc oxide nanoparticles.

XRD Spectrum, FT-IR Spectrum, and FE-SEM Images

X-ray diffraction (XRD) patterns of Zn nanoparticles were acquired on a Siemens
D-500 X-ray diffractometer (λ = 1.54 A◦ (CuKα); current of 30 mA; voltage of 35 kV. The
XRD pattern of the synthesized nanoparticles is shown in (Figure 1a). The peaks appearing
at 2θ = 31.8◦, 34.3◦, 36.2◦, 47.2◦, 56.6◦, and 62.8◦ are related to the reflection from (100),
(002), (101), (102), (116), and (103) crystal planes of the hexagonal zinc oxide nanoparticles.
The results are in agreement with the JCPDS data [31].



Horticulturae 2022, 8, 908 4 of 19

Horticulturae 2022, 8, 908 4 of 20 
 

 

2θ = 31.8°, 34.3°, 36.2°, 47.2°, 56.6°, and 62.8° are related to the reflection from (100), (002), 
(101), (102), (116), and (103) crystal planes of the hexagonal zinc oxide nanoparticles. The 
results are in agreement with the JCPDS data [31]. 

The Fourier transform infrared (FT-IR) spectrum of Zn nanoparticles was recorded 
using a FT-IR spectrometer (PerkinElmer, L1600300 Spectrum TWO LiTa, Llantrisant, 
UK). Figure 1b shows the FT-IR spectrum of the synthesized ZnO nanoparticles (Figure 
1b). The characteristic band of ZnO nanoparticles appearing at 558 cm−1 belongs to the Zn-
O stretching vibration. 

The surface morphology of Zn nanoparticles was analyzed by scanning electron mi-
croscopy (VEGAII, XMU, Czech Republic). Figure 1c shows the FE-SEM image of ZnO 
nanoparticles. 

  
(a) (b) 

 
(c) 

Figure 1. XRD spectrum (a), FT-IR spectrum (b), and the FE-SEM (c) of synthesized ZnO nanopar-
ticles. 

2.3. Chlorophyll Index 
The SPAD-502 meter (Konica, Minolta, Japan) was utilized to estimate the leaf chlo-

rophyll index. A relative SPAD index (ranging from 0–99) was obtained in the fully ex-
panded young leaves [32]. 

2.4. Measurement of Chlorophyll Fluorescence Parameters 
Chlorophyll fluorescence indices were recorded on three fully expanded young 

leaves in the middle portion of shoots using a pulse amplitude modulation fluorometer 
(PAM-2500, Heinz Walz, Effeltrich, Germany). The data were recorded whenever the 

Figure 1. XRD spectrum (a), FT-IR spectrum (b), and the FE-SEM (c) of synthesized ZnO nanoparticles.

The Fourier transform infrared (FT-IR) spectrum of Zn nanoparticles was recorded
using a FT-IR spectrometer (PerkinElmer, L1600300 Spectrum TWO LiTa, Llantrisant, UK).
Figure 1b shows the FT-IR spectrum of the synthesized ZnO nanoparticles (Figure 1b).
The characteristic band of ZnO nanoparticles appearing at 558 cm−1 belongs to the Zn-O
stretching vibration.

The surface morphology of Zn nanoparticles was analyzed by scanning electron
microscopy (VEGAII, XMU, Brno, Czech Republic). Figure 1c shows the FE-SEM image of
ZnO nanoparticles.

2.3. Chlorophyll Index

The SPAD-502 meter (Konica, Minolta, Japan) was utilized to estimate the leaf chloro-
phyll index. A relative SPAD index (ranging from 0–99) was obtained in the fully expanded
young leaves [32].

2.4. Measurement of Chlorophyll Fluorescence Parameters

Chlorophyll fluorescence indices were recorded on three fully expanded young leaves
in the middle portion of shoots using a pulse amplitude modulation fluorometer (PAM-
2500, Heinz Walz, Effeltrich, Germany). The data were recorded whenever the plants were
adapted in the dark for 20 min, and later, the data were analyzed by PamWin-3 software as
described in detail by Maxwell and Johnson [12]. The parameters included: the minimum
value for chlorophyll fluorescence (F0), the maximal possible fluorescence value (Fm), the
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difference between F0 and Fm (Fv), the maximal quantum yield of PS II (Fv/Fm), and the
non-photochemical quantum efficiency of PSII Y(NO).

2.5. Na+ and K+ Concentration

The content of Na+ and K+ was assessed by the flame photometric assessment (Flame
Photometer 410, Sherwood, UK) as described by Ghosh [32]. The Na+/K+ ratio was
calculated accordingly.

2.6. Proline

Proline content was traced by Bates et al. [33]. The reaction mixture contained 2 mL
of extract, 2 mL of ninhydrin reagent, and 2 mL of glacial acetic acid. Absorbance was
recorded at 520 nm (UV-1800 Shimadzu, Kyoto, Japan), and reported as µmol·g−1 FW.

2.7. H2O2 Content

For measurement of H2O2 content, 0.5 g of leaf fresh tissue and 5 mL of ice cooled
trichloroacetic acid (0.1% w/v) were centrifuged at 11,180× g during 20 min. A total of
500 µL supernatant was added to 500 µL potassium phosphate buffer (pH 6.8, 10 mM) and,
1000 µL potassium iodide (1 M). The mixture absorbance was recorded at 390 nm. H2O2
content was presented as µmol·g−1 FW [34].

2.8. Electrolyte Leakage (EL)

Leaf discs of 0.5 cm diameter from the fully expanded leaves were washed three
times with distilled water and incubated in the ambient temperature (24 h) to measure the
primary electrical conductivity (EC1) by a conductivity meter (Hanna Instrument (HI 8033,
Inc., Woonsocket, RI, USA) [35]. The samples were incubated in a water bath of 95 ◦C for
20 min and then cooled down to 25 ◦C. The final electrical conductivity (EC2) was recorded.
EL was calculated by the following equation.

EL (%) = (EC1/EC2) ∗ 100 (1)

2.9. Enzymatic Antioxidants Activity
2.9.1. Guaiacol Peroxidase (GPX)

A total of 0.5 g of leaf fresh tissue was homogenized with potassium phosphate
buffer (pH = 6.8, 100 mM) containing EDTA (4 mM) and 1% PVP and then centrifuged
at 11,180× g for 20 min. The GPX activity was calculated at 470 nm based on the extinc-
tion coefficient of tetraguaiacol (25.5 mmol−1·cm−1) and expressed as U·mg−1 protein or
µM·mL−1·min−1·mg−1 protein [36].

2.9.2. Superoxide Dismutase Activity (SOD)

SOD activity was traced by its ability to prevent the photochemical reduction of nitro-
blue-tetrazolium (NBT) [37]. The reaction mixture included 1.5 mM Na2CO3, 100 mM Na
phosphate buffer (pH = 7.6), 3 mM EDTA, 0.2 mM methionine, 60 µM riboflavin, 2.25 mM
NBT, and 100 µL of the extract. The reaction mixture was treated at 25 ◦C for 15 min under
light and finally, the absorbance was recorded at 560 nm.

2.9.3. Ascorbate Peroxidase Activity (APX)

The reaction mixture contained: 100 mM phosphate buffer (pH = 7.6, EDTA), 2 mM
H2O2, 0.5 mM sodium ascorbate, and 50 µL of the extract. The absorbance was recorded at
290 nm for 120 s, and APX activity was calculated by the extinction coefficient of ascorbate
(2.8 mmol−1·cm−1), The result was reported as U·mg−1 protein or µM·mL−1·min−1·mg−1

protein [38].
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2.9.4. Glutathione Reductase (GR) Activity

Glutathione reductase activity was monitored by a reaction mixture of 200 mM phos-
phate buffer (pH = 7.5), 6.3 mM EDTA, 3 mM 5,5′-dithiobis-2-benzoic acid or DTNB
dissolved in phosphate buffer, 2 mM NADPH, and 100 µL of the extract. The reaction was
activated with 2 mM glutathione oxide. The absorbance was recorded at 412 nm for 60 s.
GR activity was recorded as extinction coefficient for DTNB (14.15 mmol−1·cm−1) and
reported as U·mg−1 protein or µM·mL−1·min−1·mg−1 protein [39].

2.10. Non-Enzymatic Antioxidants Assay
2.10.1. Ascorbate (AsA) Assay

A total of 1 mL of metaphosphoric acid was employed to reach a homogenized leaf
tissue extract. AsA concentration was monitored via extraction by 150 µM phosphate
buffer (pH = 7.4) and 200 µL of distilled water. Later, 400 µL of 10% trichloroacetic acid,
400 µL of 44% phosphoric acid, 400 µL of 4% bipyridyl in 70% ethanol, and 200 µL of 3%
FeCl3 were added. The mixture was incubated at 40 ◦C in dark for 40 min. Finally, the
absorbance was recorded at 525 nm. The reduced AsA was quantified in the same way as
the previous procedure, replacing 0.1 mL of DTT with 0.1 mL of distilled H2O. Finally, the
dehydroascorbate (DHA) concentration was deduced from the difference between total
AsA and reduced AsA, and expressed as nmol·g−1 FW [40].

2.10.2. Glutathione

The leaf tissue was homogenized in 2 mL of 5% sulfosalicylic acid solution and then
centrifuged at 25,155× g for 10 min. Amounts of 700 µL of 0.3 mM NADPH, 100 µL of
DTNB, 150 µL of 125 mM phosphate buffer (pH 6.5) containing EDTA (6.3 mM) were
mixed with 50 µL of the supernatant and triethanolamine. Finally, total glutathione content
was measured in the same reaction mixture with the addition of 0.1 unit of glutathione
reductase enzyme. The absorbance was recorded at 412 nm. The concentration of total
glutathione, GSH, and GSSG was expressed as nmol·g−1 FW [41].

2.11. Statistical Analysis

Analysis of variance (ANOVA) was conducted using MSTAT-C ver 2.1. The significant
differences among means were compared with the least significance difference test (LSD)
at p < 0.05. Pearson correlation and cluster dendrogram heat maps were depicted in R soft-
ware for statistical computing. R foundation for statistical computing (version 4.1.2), Iran
(2021). URL https://cran.um.ac.ir/ (release in 23 June 2022). R packages of ‘corrplot’ (Visu-
alization of a Correlation Matrix, version 0.91; https://github.com/taiyun/corrplot release
in 23 June 2022) and ‘gplots’ (Various R Programming Tools for Plotting Data, version 3.1.1;
https://github.com/talgalili/gplots/issues release in 23 June 2022) were used.

3. Results
3.1. Chlorophyll Fluorescence Parameters

The results revealed the significant effects (p ≤ 0.05) of salinity on the SPAD index
(Table 1). Salt stress induced a meaningful diminution in the leaf SPAD index. The
interaction of NaCl and ZnO-NPs was also significant on the trait. Initially, ZnO-NPs
significantly increased the SPAD values under salinity stress followed by a marked de-
crease in a higher concentration of ZnO-NPs. The highest SPAD index was recorded in
25 mM of NaCl × 1000 ppm of ZnO-NPs, while the lowest recorded was in 75 mM of
NaCl × 2000 ppm of ZnO-NPs (Table 1).

https://cran.um.ac.ir/
https://github.com/taiyun/corrplot
https://github.com/talgalili/gplots/issues
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Table 1. Effect of ZnO nanoparticle foliar treatment on SPAD value, Y (No), Maximum Fluorescence Fm, Initial Fluorescence F0, variable fluorescence, Fv, Maximum
potential quantum yield of PS II Fv/Fm and Na and K content as well as Na/K ratio of pepper plants under salinity (Mean ± SE).

NaCl (mM) Zn SPAD Fm F0 Fv Fv/Fm Y (NO) Na+ (mmol·g−1

DW)
K+ (mmol·g−1

DW) Na+/K+

0
0 41.6 ± 2.8 c 5.22 ± 0.19 c 0.86 ± 0.19 i 4.35 ± 0.137 b 0.83 ± 0.0053 ab 0.33 ± 0.016 g 0.467 ± 0.032 i 5.573 ± 0.053 b 0.083 ± 0.0024 gh

1000 48.8 ± 0.9 b 5.65 ± 0.18 a 0.74 ± 0.18 j 4.91 ± 0.117 a 0.86 ± 0.0224 a 0.37 ± 0.014 fg 0.400 ± 0.033 g 5.777 ± 0.047 a 0.070 ± 0.0134 h
2000 24.8 ± 1.1 e 4.87 ± 0.129 f 0.96 ± 0.129 h 3.91 ± 0.079 cd 0.81 ± 0.0041 bc 0.35 ± 0.014 g 0.570 ± 0.024 f 5.655 ± 0.041 ab 0.100 ± 0.0042 g

25
0 33.1 ± 3.3 d 5.07 ± 0.04 de 1.10 ± 0.04 fg 3.96 ± 0.085 c 0.78 ± 0.0120 c 0.44 ± 0.017 ef 1.082 ± 0.042 d 5.307 ± 0.066 c 0.203 ± 0.0033 e

1000 57.8 ± 1.6 a 5.39 ± 0.112 b 1.07 ± 0.112 g 4.32 ± 0.089 b 0.80 ± 0.0094 bc 0.46 ± 0.032 e 0.647 ± 0.050 f 5.705 ± 0.064 ab 0.113 ± 0.0129 fg
2000 34.3 ± 1.1 d 4.94 ± 0.097 ef 1.14 ± 0.097 f 3.80 ± 0.114 d 0.76 ± 0.0116 cd 0.57 ± 0.018 d 0.755 ± 0.015 e 4.265 ± 0.068 f 0.177 ± 0.009 e

50
0 34.4 ± 1.5 d 4.65 ± 0.13 d 1.24 ± 0.13 de 3.41 ± 0.031 f 0.73 ± 0.0037 de 0.46 ± 0.01 ef 1.77 ± 0.063 b 5.02 ± 0.078 d 0.352 ± 0.0047 c

1000 45.6 ± 1.0 bc 5.16 ± 0.178 cd 1.20 ± 0.178 e 3.96 ± 0.074 c 0.76 ± 0.0047 cd 0.65 ± 0.031 bd 0.820 ± 0.022 e 5.125 ± 0.079 d 0.160 ± 0.0169 f
2000 16.4 ± 4.5 f 4.71 ± 0.17 d 1.28 ± 0.17 cd 3.43 ± 0.064 f 0.72 ± 0.0071 de 0.67 ± 0.036 bc 0.890 ± 0.035 e 3.655 ± 0.079 g 0.243 ± 0.0063 d

75
0 21.9 ± 4.5 ef 4.47 ± 0.107 h 1.34 ± 0.107 b 3.13 ± 0.084 g 0.70 ± 0.0011 e 0.60 ± 0.034 cd 2.085 ± 0.071 a 4.212 ± 0.071 f 0.495 ± 0.0021 b

1000 40.6 ± 0.8 c 4.95 ± 0.113 ef 1.31 ± 0.113 bc 3.64 ± 0.067 e 0.73 ± 0.0087 de 0.73 ± 0.029 b 1.567 ± 0.065 c 4.608 ± 0.067 e 0.340 ± 0.0191 cd
2000 14.9 ± 2.4 f 4.05 ± 0.101 i 1.45 ± 0.101 a 2.60 ± 0.034 h 0.64 ± 0.0014 f 0.83 ± 0.016 a 1.742 ± 0.039 b 2.963 ± 0.058 h 0.587 ± 0.0088 a

LSD at 0.05% 0.75 0.0.039 0.17 0.15 0.045 0.090 0.074 0.13 0.052

S.O.V.
NaCl.3220 110.68 * 1.366 ** 0.576 ** 3.582 ** 0.044 ** 0.244 ** 5.970 ** 10.02 ** 0.535 **
ZnO-NPs 1481.61 ** 1.720 ** 0.067 ** 2.440 ** 0.013 ** 0.004 ns 2.008 ** 1.67 ** 0.214 **

NaCl × ZnO-NPs 732.81 ** 0.071 ** 0.005 * 0.102 ** 0.001 ** 0.070 ** 0.374 ** 0.339 ** 0.057 **
Error 143.3 0.011 0.001 0.012 0.000 0.003 0.002 0.007 0.002

C.V. 12.32 3.38 8.66 2.90 10.21 10.86 8.80 11.74 12.56

ns, * and ** refer to no-significant difference, significant at 5% and 1% probability level, respectively. S.O.V. refers to the source of variation. Different letters at each column indicate a
significant difference at p ≤ 0.05.
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The maximal possible fluorescence value (Fm) was statistically (p ≤ 0.05) decreased
by salinity. The highest and the lowest Fm values were observed in 1000 ppm ZnO-NPs
without salinity and 75 mM of NaCl × 2000 ppm of ZnO-NPs, respectively (Table 1).

F0 (p ≤ 0.05) increased with salinity stress and a high concentration of ZnO-NP foliar
application. The highest F0 belonged to the plants supplemented with 2000 ppm of ZnO-
NPs under 75 mM NaCl and, the lowest was recorded at 1000 ppm of ZnO-NPs with no
salinity (Table 1).

The difference between F0 and Fm (Fv) significantly decreased with NaCl and ZnO-
NPs (2000 ppm), while its values were improved at 1000 ppm of ZnO-NPs. The highest
recorded data for Fv were in 25 mM NaCl × 1000 ppm ZnO-NPs (Table 1).

Salinity and ZnO-NP foliar uses affected the Fv/Fm ratio. The data were reduced by
ZnO-NPs at 1000 ppm. The highest Fv/Fm value was recorded in 25 mM of NaCl × 2000 ppm
of ZnO-NPs. In contrast, the least value was recorded in 75 mM NaCl × 2000 ppm ZnO
(Table 1).

Salinity (p ≤ 0.05) enhanced the unregulated non-photochemical quantum efficiency
of PS II, Y (NO). In addition, salinity × ZnO-NP treatment combinations significantly in-
creased Y (NO). The highest amount of Y(NO) was obtained in 2000 ppm of ZnO × 75 mM
of NaCl, and the lowest belonged to the control (Table 1).

3.2. Ionic Homeostasis

The high salinity levels significantly reduced K+ content, but increased Na+ accu-
mulation, and the Na+/K+ ratio in the shoots (p ≤ 0.05). The highest Na+ concentration
was recorded in 75 mM of NaCl, while the lowest was determined at 1000 ppm ZnO-NPs
without salinity exposure. K+ concentrations increased in pepper plants foliar treated with
1000 and 2000 ppm of ZnO-NPs under the no-saline and in 25 mM of NaCl × 1000 ppm
ZnO-NPs. However, the lowest K+ concentration was recorded in 2000 ppm of ZnO-NPs
× 25, 50, and 75 mM of NaCl. The highest K+ concentration was observed in 1000 ppm
of ZnO-NPs × no salinity. In contrast, the lowest was recorded in 75 mM of NaCl ×
2000 ppm of ZnO-NPs. Na+/K+ ratio was maximized in 75 mM of NaCl × 2000 ppm of
ZnO-NPs. Under salinity, all treatments except 1000 ppm ZnO-NPs × no salinity, increased
Na+ accumulation and the Na+/K+ ratio compared to the control. ZnO 1000 ×moderate
salinity levels attained the highest K+ content (Table 1).

3.3. Proline

Proline content was significantly influenced by salinity and ZnO-NPs (p ≤ 0.05)
(Table 2). Leaf proline content was enhanced by intensifying the salinity levels. The highest
amount of proline (34.06 µmol·g−1 FW) was detected in 2000 ppm of ZnO-NPs × 75 mM
of NaCl, and the lowest data (19.5 µmol·g−1 FW) were recorded in the control (Figure 2a).

Table 2. ANOVA for the effects of ZnO nanoparticle foliar use on the physiological traits and
enzymatic antioxidant activity of pepper plants under salinity.

Mean square

S.O.V. df Proline Electrolyte
Leakage

H2O2
Content

GPX
Activity

APX
Activity

SOD
Activity

GR
Activity

NaCl 3 25.99 ns 600.3 ** 5.896 ** 3.396 ** 0.055 ** 2.002 * 0.052 **
ZnO-NPs 2 99.37 ** 232.5 * 2.764 ** 1.363 ** 0.017 * 0.658 ** 0.041 *

NaCl × ZnO-NPs 5 77.20 ** 36.50 ** 0.439 ** 0.240 ** 0.001 ** 0.117 ** 0.003 **
Error 36 13.76 1.04 0.016 0.001 0.002 0.002 0.003

C.V. 15.07 7.38 8.38 13.02 11.42 14.35 12.84

ns, * and ** refer to no-significant difference, significant at 5% and 1% probability level, respectively. S.O.V. refers
to the source of variation.
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Figure 2. The effects of salinity × ZnO-NPs foliar application on proline content (a), Electrolyte
leakage (b), H2O2 content (c) and guaiacol peroxidase (GPX) (d) Ascorbate peroxidase (APX) (e), Su-
peroxide dismutase (SOD) (f) and Glutathione reductase (GR) (g) activity of pepper plants. S1, S2,
S3 and S4 refer to 0, 25, 50, and 75 mM NaCl concentrations, respectively. Different letters indicate
significant differences according to LSD test at p < 0.05.
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3.4. Electrolyte Leakage (EL)

Referring to the above traits, salinity caused a significant rise (p ≤ 0.05) in EL (Table 2).
The highest value of EL (40.5%) was obtained in 75 mM of NaCl × 2000 ppm of ZnO-
NPs. ZnO-NPs decreased EL under moderate salinity, but it was not able to prevent the
progressive EL at the high NaCl concentrations (Figure 2b).

3.5. Hydrogen Peroxide (H2O2)

The content of H2O2 was significantly affected by the interaction of NaCl and ZnO-NP
treatments (p ≤ 0.05) (Table 2). All three levels of salinity and ZnO-NPs increased H2O2
content, and the highest and the lowest H2O2 contents were obtained in 75 mM of NaCl
alone, combined with 2000 ppm of ZnO-NPs, and in 25 mM of NaCl × 2000 ppm of
ZnO-NPs, respectively (Figure 2c).

3.6. The Activity of Enzymatic Antioxidants

Increasing salinity and ZnO-NP concentrations significantly increased the GPX activity
(p ≤ 0.05) (Table 2). The highest and the lowest GPX activities were obtained in 50 mM of
NaCl with 1000 ppm of ZnO and in the control ones, respectively (Figure 2d).

Additionally, the APX activity was significantly affected by different NaCl and ZnO-
NP levels (p ≤ 0.05) (Table 2). The highest and the lowest APX activities were observed
in 50 mM of NaCl × 2000 ppm treatments and in 2000 ppm of ZnO-NPs without salinity
stress, respectively. Different concentrations of ZnO-NPs were not able to ameliorate the
APX activity in 75 mM salinity stress conditions (Figure 2e).

Table 2 shows that salinity × ZnO-NPs significantly (p ≤ 0.05) increased the activity of
SOD enzyme. The top SOD activity was obtained with 25 mM NaCl × 1000 ppm of ZnO,
which increased up to 1.5 times compared to the control, which attained the lowest SOD
activity (Figure 2f).

The activity of GR was significantly (p ≤ 0.05) affected by NaCl × ZnO-NP treatments
(Table 2). The highest GR activity belonged to 1000 ppm of ZnO × 25 mM of salinity
(Figure 2h).

3.7. The Activity of Non-Enzymatic Antioxidants

Ascorbate (AsA) content was declined by salinity levels (Table 3). The highest ascor-
bate content (264 nmol·g−1 FW) was recorded in 1000 ppm of ZnO × 25 mM NaCl. In
contrast, the lowest level of AsA (142.3 nmol·g−1 FW) was obtained in 2000 ppm of ZnO-
NPs × 75 mM of NaCl. Ascorbate oxide (DHA) was affected (p ≤ 0.05) by salinity stress
(Table 3). The highest DHA content (197.8 nmol·g−1 FW) was achieved in 25 mM of
NaCl × 2000 ppm of ZnO-NPs (1.8 times more than control) (Figure 3a,b). The highest and
the lowest AsA/DHA ratios under no-saline conditions were associated with 1000 and
2000 ppm of ZnO-NPs, respectively. Salinity reduced GSH and GSH/GSSG. The highest
and the lowest GSH contents were recorded with 1000 ppm of ZnO-NPs without NaCl
treatment and 2000 ppm of ZnO-NPs × 75 mM of NaCl, respectively. The highest GSSG
content belonged to 2000 ppm of ZnO-NPs × 75 mM salinity. GSSG/GSH ratio decreased
by adding up NaCl concentrations. The uppermost and the lowest GSSG/GSH ratios
were recorded at 2000 ppm of ZnO-NPs with no salinity × 75 mM of NaCl × 2000 ppm of
ZnO-NPs, respectively (Figure 3c–f).
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Table 3. ANOVA for the effect of ZnO nanoparticle foliar treatment on the physiological responses
and non-enzymatic antioxidants pool of pepper plants under salinity.

Mean Square

S.O.V. df AsA DHA ASA/DHA GSH GSSG GSH/GSG

NaCl 3 5092.6 ** 19,276.8 ** 11.92 ** 1838.2 ** 3165.4 ** 1.074 **
ZnO-NPs 2 10,354.3 ** 7359.8 ** 7.408 ** 7267.1 * 6300.5 ** 3.555 *

NaCl × ZnO-NPs 5 1028.02 ** 1194.8 ** 1.207 ** 818.9 ** 1066.6 ** 0.541 **
Error 36 16.79 12.77 0.010 10.77 7.299 0.004

C.V. 9.19 11.92 13.51 9.11 10.98 11.94

*, ** and ns, significant at 5% and 1% probability levels and non-significant, respectively. S.O.V. and df refer to the
source of variation and degree of freedom, respectively.
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Figure 3. The effects of salinity × ZnO-NP foliar application on Reduced ascorbate (AsA) (a), Oxide
ascorbate (DHA) (b) AsA/DHA (c), Oxide glutathione (GSH) (d), Reduced glutathione (GSSG)
(e), and GSH/GSSG (f) of pepper plants. S1, S2, S3, and S4 refer to 0, 25, 50, and 75 mM NaCl
concentrations, respectively. Different letters indicate significant differences according to LSD test
p < 0.05.
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3.8. Correlation Matrix and Relative Expressions

The Pearson’s correlations for the traits are presented in Figure 3. The results revealed a
positive significant correlation among Y(NO), Na+, Na+/K+, H2O2, F0, and El. Additionally,
H2O2 negatively correlated to AsA, GSH, GSH/GSSG, Fm, and Fv. GSSG, Na+, H2O2,
DHA, Na+/K+, and El showed a significantly negative correlation with Fm, Fv, GSH/GSSG,
AsA, GSH, K, SOD, and AsA/DHA. Moreover, Fm, Fv, GSH/GSSG, AsA, GSH, K+, SOD,
and AsA/GSH positively were related to each other. A negative correlation was recorded
among F0 and Y(NO) with Fv, Fm, and Fv/Fm. GR had a positive relationship with SOD
and GPX activities.

Heat map matrices (Figure 4) revealed that the traits including GR, APX, AsA/DHA,
GSH, AsA and GSSG, Y(NO), EL, H2O2, Na+, and Na+/K+ had positive compliance under
salinity. However, ZnO-NPs displayed a reducing effect on the traits such as GSSG, EL,
H2O2, DHA, Na+, Y (NO), F0, and proline, while improved k+, GSH, GSH/GSSG, AsA,
SPAD, and Fm.
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on pepper. Heat map represents Proline content, H2O2 content, Guaiacol peroxidase (GPX) activ-
ity, Ascorbate peroxidase (APX) activity, Superoxide dismutase (SOD) activity, Redox ascorbate
(AsA), Oxide ascorbate (DHA), AsA/DHA, Oxide glutathione (GSH), Redox glutathione (GSSG),
GSH/GSSG, Electrolyte leakage (EL), SPAD, the maximal possible value for fluorescence (Fm), the
minimum value for chlorophyll fluorescence (F0), the difference between F0 and Fm (Fv), the maxi-
mum quantum yield of PSII (Fv/Fm), the non-photochemical quantum efficiency of PSII Y (No), Na+

content, K+ content and Na+/K+ ratio.

Cluster pattern and heat map analysis (Figure 5) revealed three main groups in the
evaluated traits of plants under salinity × ZnO-NP application. Group1 contained: Fm,
Fv/Fm, Fv, K+, and SPAD. Group 2 contained: APX, GPX, GR, GSH/GSSG, AsA/DHA,
AsA, GSH, and SOD. Group 3 included: GSSG, EL, H2O2, DHA, Na+/K+, Na+, Y (NO),
F0, and proline. Moreover, group1 and 2 had a negative correlation with groups 2 and
3. Cluster dendrograms showed two main groups. The first group contained use of 0,
1000, 2000 ppm of ZnO-NPs × 50 and 75 mM NaCl, and 2000 ppm of ZnO-NPs × 25 mM
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salinity stress. Group 2 included all ZnO-NP treatments × 0 mM NaCl, as well as 1000 and
2000 ppm of ZnO-NPs × 50 mM NaCl.
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H2O2, Guaiacol peroxidase (GPX), Ascorbate peroxidase (APX), Superoxide dismutase (SOD), Redox
ascorbate (AsA), Oxide ascorbate (DHA), AsA/DHA, Oxide glutathione (GSH), Redox glutathione
(GSSG), GSH/GSSG, Electrolyte leakage (EL), SPAD, the maximal possible value for fluorescence
(Fm), the minimum value for chlorophyll fluorescence (F0), F0 and Fm difference (Fv), the maximum
quantum yield of PSII (Fv/Fm), the non-photochemical quantum efficiency of PSII Y (No), Na+, K+
and Na+/K+. S1, S2, S3, and S4 refer to 0, 25, 50 and 75 Mm NaCl salinity, and Zn0, Zn1 and Zn2
refers to 0, 1000, and 2000 ppm of ZnO-NP foliar application, respectively.

4. Discussion

Salinity influenced photosynthesis by its negative effects on SPAD value, Fv, Fm,
and maximum photochemical efficiency (Fv/Fm) (Table 1). However, F0 was increased
by salinity × 2000 ppm ZnO-NPs, which reflects the photochemical shutdown under
stress leading to the declined photosynthetic potential [42]. In our findings, 1000 ppm of
ZnO-NPs improved the fluorescence parameters and SPAD value under salinity stress.
ZnO-NPs mitigated salinity adverse effects in lower NaCl concentrations. Meanwhile,
2000 ppm of ZnO-NPs showed toxicity symptoms and maximized the effects of salinity
in chlorophyll fluorescence-related traits. ZnO-NPs may improve the chemical energy
performance in photosynthetic systems by enhancing the activity of the Rubisco enzyme
and even by the improved protein biosynthesis [43]. ZnO-NPs promote the ribulose-1,
5-bisphosphate carboxylase/oxygenase function, which is directly associated with the
higher photosynthetic potential [44]. Our results are similar to those recently reported by
Kaya and Ashraf on tomato [45], Samadi et al. on strawberry [46], and Faizan et al. on
tomato [28].

In our study, the plants exposed to salinity contained high Na+ content and Na+/K+

ratio. K+ content increased in the plants treated with 1000 ppm of ZnO-NPs under salinity
and control conditions. However, 2000 ppm of ZnO-NPs led to toxicity symptoms and
greatly declined potassium content (Table 1). Salinity mediates Na+/K+ ratios in cells with
the over-accumulation of Na+ and lower K+ absorption [47]. Rahimi et al. [48] reported
similar results for rye plants under salinity in a way that the hyper-accumulation of Na+
reduced the uptake, transfer, and accumulation of K+ ions. K is needed to maintain cellular
turgor and enzymatic activities; therefore, its deficiency inhibits plant growth, development,
and productivity. A high Na+/K+ ratio will have much harmful influence on plants [49].
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ZnO-NPs stimulate K+ accumulation in mesophyll cells and thus improve plant photosyn-
thetic efficiency under salinity [50]. Similar results were reported by Chen et al. (rice) [51],
Yasmin et al. (safflower) [52], and Singh et al. (Solanum lycopersicum) [53].

Salinity raises the proline content in plants [54,55]. A similar result was detected
in the current experiment. Proline plays an important role in osmotic regulation and
ROSs scavenging during stress, protects macromolecules, and thereby, inhibits membranes
damage [56]. Proline content was increased in ZnO-NPs treated pepper plants in our
study (Figure 2a). The enhanced proline content increases the leaf water potential and
declines oxidative stress [57]. Besides fortifying the antioxidant defense system and proline
levels, ZnO-NPs also maintain the stability of proteins and biomembranes [58]. Our results
are consistent with the finding of Yusefi-Tanha [59] on soybeans and Faizan et al. [60]
on tomatoes.

In the present experiment, salinity increased EL, whereas 1000 ppm of ZnO-NP foliar
treatment retained EL under the low and moderate salinity levels. A total of 2000 ppm of
ZnO-NPs increased EL under the saline and control conditions (Figure 2b). Stress-induced
ROSs over-genesis hugely reduces the membrane integrity, which causes the electrolytes’
over-leakage from the different cell organelles [61]. Membrane lipids peroxidation and the
elevated EL are the dominant symptoms of salinity stress in plants. This phenomenon is
widely used as a biomarker for stress-induced damage on the plant tissues [62].

A significant increase in H2O2 content has frequently been reported under salinity [63].
In our study, salinity × higher ZnO-NPs concentration increased H2O2 content, while
its content was declined by 1000 ppm of ZnO-NPs treatment compared to the conditions
without using ZnO-NPs (Figure 2c). As a cofactor, Zn plays a crucial role in the activity of
antioxidant enzymes and in the detoxification of O2

− by its conversion into H2O2, which
finally decomposes into water and oxygen under the action of catalase. The function
prevents membranes’ lipid peroxidation and so retains the membrane’s stability [63]. Our
findings are consistent with those of Rizwan et al. (Zea mays) [64] and Zeeshan et al.
(soybean) [65].

Antioxidant enzymes, such as APX, GPX, and SOD are in the forefront of plant defense
against stressor effects; their gross amounts and activity increase under salinity [66]. SOD
is the first defensive soldier against ROS. This enzyme converts superoxide radicals into
H2O2 [67]. Naheed et al. [68] and Ates et al. [69] reported similar results on Brassica napus
and Leucojum aestivum, respectively. APX as a portion of ascorbic acid (AsA)-Glu cycle
manages the removal of H2O2 [70]. In our experiment, APX activity was increased in the
lower salinity levels but it was reduced in the highest NaCl treatment, probably due to the
APX denaturation. GPX employs the oxidation power of phenolics, such as guaiacol, to
detoxify and decompose H2O2, and act as an electron donors to H2O2 [59]. The increased
GPX activity in response to the salinity stress in the current research is consistent with
the result of Mohammadi et al. on Dracocephalum moldavica L. [71]. ZnO-NPs mediate
the plant metabolic pathways and the activity of some antioxidant enzymes to decline the
environmental stressor effects [72]. Our findings revealed that the activity of antioxidant
enzymes increased in the presence of ZnO-NPs. GPX and SOD activity increased with
the low and moderate salinity levels × 1000 ppm ZnO-NPs, while, under 2000 ppm of
ZnO-NPs, APX activity was hugely enhanced (Figure 2d–f), which is consistent with
that of Adrees et al. [73]. In the current study, similar to Molnár et al. [74] and Faizan
et al. [28], ZnO-NPs significantly improved GR activity in Brassica species and Capsicum
annum respectively, under salinity. As already known, GR uses NADPH in the glutathione-
ascorbate cycle to increase the conversion of glutathione oxide to reductive glutathione
under salinity condition [75,76]. The glutathione–ascorbate cycle has a crucial function in
mitigating oxidative stress [77].

In our study, salinity reduced AsA and GSH, while 1000 ppm of ZnO-NPs induced the
AsA–GSH cycle enzymes activities and increased the associated metabolites such as AsA
and GSH under moderate salinity conditions (Figure 3a,d). GSH and GSSG are the known
components of the intracellular redox homeostasis system [78]. GSH is the most plentiful
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non-protein thiol in the cell that triggers several physiological responses in plants, such as
antioxidants, and modulates the immune responses [79]. The other system for reducing
intracellular oxidation is GSH and its oxidized form (glutathione disulfide or GSSG). The
redox potential of these compounds can be up-regulated by the AsA–GSH cycle [80].
Glutathione peroxidase catalyzes the oxidation of GSH into GSSG, while glutathione
reductase recycles the reduction of GSSG to GSH [81]. In the current research under high
salinity levels, ZnO-NPs increased GSSG and reduced GSH, AsA, and the GSH/GSSG
ratio, while the GSSG content was reduced with 1000 ppm of ZnO-NPs under the lower
salinity levels (Figure 3e,f). The findings are consistent with Zeeshan et al. [65] on soybean.
The GSH/GSSG ratio has been defined as a chief indicator of oxidative damage in different
biochemical processes in many plant species [82]. Plants are also able to protect themselves
against oxidative stress by regulating enzymes associated with the glutathione–ascorbate
cycle (AsA-GSH) such as APX and GR to reduce H2O2 activity during stress times [83]. In
agreement with our results, Ahmad et al. [84] reported that ZnO-NPs improved salinity
tolerance in soybean by enhancing the ascorbate–glutathione cycle activity.

5. Conclusions

Pepper plants subjected to salinity had the damaged chlorophyll fluorescence param-
eters and the declined enzymatic and non-enzymatic antioxidant activities as a result of
changes in the Na+/K+ ratio. The foliar application of ZnO-NPs improved the traits by
the declined Na+/K+ ratio. The foliar treatment of ZnO-NPs strengthened the antioxidant
potential. Under salinity, NP treatment improved the activity of antioxidants, such as GPX,
SOD, APX, GR, AsA, and GSH. The findings suggest that foliar application of ZnO-NPs
improved the plant’s antioxidant defense system and would be a promising way for deal-
ing with and/or alleviating the depressions caused by salinity stress in pepper. However,
with higher levels, ZnO-NPs showed toxicity symptoms, and the idea and suggestion
are to apply the compound with lower than 1000 ppm concentrations. However, there
may be a need for more in-depth studies with broad levels to decide on the near-exact
beneficial concentration.
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