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Abstract: Nanotechnology has greatly expanded the applications of nanoparticles (NPs) domain in the scientific field. In

this context, the zinc oxide nanoparticles (ZnO-NPs) and 24-epibrassinolide (EBL) has been revealed to positively

regulate plant metabolism and growth. In the present study, we investigated the role of ZnO-NPs and EBL in the

regulation of plant growth, photosynthetic efficiency, enzymes activities and fruit yield in tomato. Foliar treatment of

ZnO-NPs at three levels (10, 50 or 100 ppm) and EBL (10−8 M) were applied separately or in combination to the

foliage of plant at 35–39 days after sowing (DAS); and the control plants were treated with double distilled water

(DDW) only at the same time interval. Among different tested concentrations of ZnO-NPs and/or EBL, the combined

spray of 50 ppm of ZnO-NPs and 10−8 M of EBL proved to be best, and considerably increased the growth,

photosynthetic efficiency, biochemical enzymes activities as well as fruit yield. Besides, the performance of the

antioxidant enzymes viz catalase, peroxidase and superoxide dismutase were also increased after the combined

application of ZnO-NPs and EBL in Lycopersicon esculentum. Therefore, it is suggested that combined application of

50 ppm of ZnO-NPs and 10−8 M of EBL is the best combination can be applied to increase the performance and

yield of L. esculentum.

Introduction

Nanotechnology is a promising field of science that has been
applied in plant production in the form of nanoparticles
(NPs), which have been used as fertilizers to increase plant
growth and development, as pesticides to achieve pest and
disease management, and as sensors to monitor plant health
and soil superiority (Duhan et al., 2017). Materials with a
particle size of less than 100 nm in at least one dimension are
generally classified as NPs. NPs are absorbed 15–20 times
more than their bulk particles by plants (Srivastav et al.,
2016). It has been estimated that 260000–309000 metric tons
of NPs were produced globally in 2010 (Yadav et al., 2014),
and worldwide consumption of NPs is likely to grow from
225060 metric tons to nearly 585000 metric tons from 2014

to 2019 (BCC Research, 2014). In recent times, NPs are the
most advanced way of supplying mineral nutrients to plants
as compared to conventional fertilizers (Shang et al., 2019).
NPs are mainly absorbed by plant leaves and roots and
subsequently transported to all the plant parts via cellular
structures and ground organs (Wang et al., 2016).

Zinc (Zn) is an essential micronutrient and plays an
important role in the activity of enzymes like
dehydrogenases, tryptophan synthetase, aldolases, iso-
merases, transphosphorylases, superoxide dismutase, and
DNA and RNA polymerases (Marschner, 2011). Zinc oxide
nanoparticles (ZnO-NPs) are one of the most important
NPs because of their interesting and unique physical and
chemical properties. Due to its unique properties including
high thermal conductivity, refractive index, binding energy,
ultraviolet protection, and antibacterial capabilities, ZnO-NPs
are widely applied in various products and materials
including medicine, cosmetics, solar cells, rubber, concrete,
and foods (Uikey and Vishwakarma, 2016). ZnO-NPs have
also been used in several fields such as sun-protective
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lotions, wall paints, ceramic manufactures, and catalysis (Akir
et al., 2016). ZnO-NPs, with an estimated global annual
production of between 550 and 33400 tons, are the third most
commonly used metal-containing nanomaterial (Peng et al.,
2017; Connolly et al., 2016). Environmental levels of ZnO-NPs
were reported to be in the range of 3.1–31 µg/kg of soil and
76–760 µg/L in water (Ghosh et al., 2016). In addition,
ZnO-NPs are excellent candidates for application in the
agriculture and food sector as pesticides, fungicides, and
fertilizer (Kah and Hofmann, 2014). In recent years, the use of
ZnO-NPs has received great attention due to the increase in
the nutrient accumulation by plants for enhancing the capacity
of agronomic zinc biofortification (Rizwan et al., 2019;
Hussain et al., 2018). Exogenous application of ZnO-NPs
increased the growth in Vigna radiata and Cicer arietinum
seedlings (Mahajan et al., 2011). Ejaz et al. (2011) revealed
that Zn deficiency declined the yield of the tomato plant.
ZnO-NPs increased the chlorophyll content, photosynthetic
pigments, activity of antioxidant enzymes, and uptake of
micronutrients in Cucumis sativus and Helianthus annuus
(Rajiv et al., 2018). Similarly, in Moringa peregrina, ZnO-NPs
increased the proline and total carbohydrate levels, antioxidant
non-enzymes (vitamins A and C), and enzymes (POX and
SOD) level (Soliman et al., 2015). In addition, ZnO-NPs
increased the growth characteristic, photosynthetic activity,
and biomass of Triticum aestivum (Munir et al., 2018) and
soybean plants (Ahmad et al., 2020). Venkatachalam et al.
(2017) also proved that ZnO-NPs encouraged the growth,
chlorophyll, protein content and CAT, POX and SOD activities
in Gossypium hirsutum. The effect of NPs was dependent on
the size of NPs, plant species, mode of application, and their
time of exposure (Rico et al., 2014).

Brassinosteroids (BRs) are a group of naturally occurring
steroidal plant hormones that play important roles in several
developmental processes in plants, such as cell division and
elongation in stem and roots, photo-morphogenesis,
reproductive development, leaf senescence, and also mitigate
stress (Nazir et al., 2019). It has been reported that exogenous
application of BRs in tomato plant increased the
photosynthetic efficiency, pollen germination, and pollen tube
growth (Singh and Shono, 2005) soluble sugars, lycopene
contents, and ethylene production (Zhu et al., 2015). Positive
effects of BRs have also been studied in mung bean
(Fariduddin et al., 2008), mustard (Sharma et al., 2017; Hayat
et al., 2012), grapes (Babalik et al., 2019), soybean (Ribeiro
et al., 2019), and lavandin (Asci et al., 2019).

This study was thus designed to explore the interactive
effect of ZnO-NPs and 24-epibrassinolide (EBL) in
strengthening plant growth, photosynthesis, antioxidant
defense system, and yield. To the best of our knowledge,
almost no research has been conducted to evaluate the
combined effects of ZnO-NPs and EBL on the performance
of the tomato plant. The hypothesis tested is that how the
efficacy of ZnO-NPs will increase with EBL in the tomato plant.

Materials and Methods

Location and growth conditions
The experiment was performed at the Department of Botany
of Aligarh Muslim University, Aligarh, India, under natural

environmental conditions. The minimum, maximum, and
median temperatures were 15, 30, and 22°C, respectively.
The relative humidity during the experimental period varied
between 55 and 80%.

Experimental design
Seeds of tomato var. PKM-1 were procured from Department
of Horticulture of Indian Agricultural Research Institute, New
Delhi, India. The seeds were sterilized with 1% sodium
hypochlorite solution for 10 min and rinsed thoroughly with
double distilled water (DDW) and sown in containers for
germination. At the stage of 20 days, the seedlings were
transferred to the main containers, filled with soil and
farmyard manure (6:1). Both the regulators were applied as
foliar spray in the various combinations: T1–control (only
water); T2–EBL (10−8 M); T3–ZnO-NPs (10 ppm); T4–
ZnO-NPs (50 ppm); T5–ZnO-NPs (100 ppm); T6–ZnO-
NPs (10 ppm) + EBL (10−8 M); T7–ZnO-NPs (50 ppm) +
EBL (10−8 M); T8–ZnO-NPs (100 ppm) + EBL (10-8 M).
The ZnO-NPs and EBL were applied to the foliage of
tomato at 35–39 DAS. Each plant was sprayed thrice at a
time, and the nozzle of the sprayer was adjusted in such
a way that it pumped out about 1 cm3 of the solution in a
single spray. Therefore, each plant received about 3 cm3 of
DDW, ZnO-NPs, and EBL solution. Each treatment was
replicated five times with three plants per replicate, and
plants were sampled at 45 and 60 DAS to assess various
growth parameters, photosynthetic attributes, biochemical
characteristics as well as yield.

Zinc oxide nanoparticles and 24-epibrassinolide
ZnO-NP was procured from Sigma-Aldrich Chemicals Pvt.
Ltd., India. A stock solution of 100 ppm was prepared by
dissolving the required amounts of ZnO-NPs in 10 mL
DDW in a 100 mL-volumetric flask and made the volume
to 100 mL by adding the DDW. Other required
concentrations were prepared by diluting the stock solution.
EBL was obtained from Sigma Chemicals Co., St. Louis,
USA. The EBL was separately dissolved in a sufficient
quantity of ethanol, and the stock solution of 10−8 M was
prepared by adding DDW and 0.05% Tween-20 as a
surfactant. The concentrations of ZnO-NPs and EBL were
selected on the basis of our previous studies, ZnO-NP was
selected on the basis of Faizan and Hayat (2019) and EBL
was selected on the basis of Faizan et al. (2018).

Determination of growth parameters
Length of shoot and root was measured using a meter scale.
After recording the fresh weight, plants were dried in an
oven at 80°C for 24 h to assess the dry weight of plants.
Leaf-area was measured by leaf area meter (ADC Bio
Scientific, Hoddesdon, UK).

Measurement of SPAD value
The SPAD value of chlorophyll was measured in fully expanded
uppermost leaves of plants in each treatment using SPAD
chlorophyll meter (SPAD-502; Konica, Minolta sensing, Inc.,
Japan). During measurement, the leaves are placed in the SPAD
chlorophyll meter, and the top portion of the meter is slightly
closed; after that, reading is visible on the screen of the meter.
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Determination of gas exchange characteristics
Leaf gas exchange characteristics (PN, gs, Ci, and E) were
measured in fully expanded leaves of the plants in each
treatment using an infrared gas analyzer (LI-6400, LI COR,
Lincoln, NE, USA) on clear days. The values were expressed
as µmol CO2 m-2s-1 (PN); mol H2O m-2s-1 (gs); ppm (Ci);
and mmol H2O m-2s-1 (E), respectively. The measurement
was done between 11:00 and 12:00 h at light saturating
intensity and the air temperature (25°C), relative humidity
(85%), CO2 concentration (600 ppm), and photosynthetic
photon flux density (800 µmol mol-2s-1).

Enzyme assay
CA activity in leaves was measured by the procedure of
Dwivedi and Randhawa (1974). Leaf was slash into minute
pieces in a cysteine hydrochloride solution. They were
blotted and conveyed in a test tube, pursue phosphate
buffer addition (pH = 6.8), 0.2 M NaHCO3, bromothymol
blue, and red indicator of methyl. 0.5 N HCl used for
titrating. The unit in which the values were measured is mol
CO2 g-1 (FM) s-1. The activity of NR was assayed by
Jaworski (1971). A mixture of newly form leaf (0.1 g),
phosphate buffer (pH = 7.5), KNO3, isopropanol was placed
in an incubator run at 30°C for 2 h. Sulfanilamide and
N-1-napthyl ethylenediamine hydrochloride mixture were
added to the incubated mixture. The absorbance was read at
540 nm by the spectrophotometer (Spectronic 20D; Milton Roy,
USA), and the value was expressed in nmol NO2 g

-1 (FM) s-1.
For the estimation of antioxidant enzymes, the leaf tissue

(0.5 g) was homogenized in a 50 mM phosphate buffer (pH =
7.0) containing 1% polyvinylpyrrolidone. These mixtures were
centrifuged at 12,000 × g for 10 min at 4°C, and the resulting
supernatant was used as a source of enzymes like CAT, POX,
and SOD. A method described by Zhang (1992) was used to
estimate SOD and POX activities. The activity of CAT was
evaluated by the method of Aebi (1984).

Estimation of proline and protein contents
The method of Bates et al. (1973) was used for the identification
of proline content in the newly formed leaves. Leaves were
extracted in sulfosalicylic acid, and an equal volume of glacial
acetic acid and ninhydrin solutions was also added. The
sample was heated at 100°C, to which 5 mL of toluene was
added. The absorbance of the aspired layer was read at
528 nm on a spectrophotometer. The proline was expressed
as µg g-1 FW. Protein content was measured by the method
of Bradford (1976). 1 g newly formed leaves were
homogenized in buffer consisted of 40 mM Tris-HCl (pH =
7.5), 0.07% β-mercaptoethanol, 2% polyvinylpyrrolidone,
0.5% Triton X-100, 1 mM phenyl methane sulfonyl fluoride
(PMSF) and 1 mM EDTA by pestle and mortar and mixture
was centrifuged at 20,000 × g for 10 min. The supernatant
was collected, and the Bradford reagent was added for color
development. The intensity of color was read at a
spectrophotometer. The protein was expressed as mg g−1 FW.

Scanning electron microscopy (SEM)
Effect of ZnO-NPs with EBL on the structure of stomata
was examined by SEM (JEOL, JSM-6510LV, Japan) at the
Ultra Sophisticated Instrumentation Facility Centre, AMU,

Aligarh, India. Leaf sample was fixed in 2.5% glutaraldehyde
in 0.01 M cacodylate buffer (pH 7.3) for 2 h and dehydrated
in an ethanol series. The surface characteristic of the sample
(Fig. 6) was evaluated at an accelerating voltage of 10 kV.

Confocal laser scanning microscopy
Cell viability tests were conducted using the method of Rattan
et al. (2017). Roots were dipped in a solution containing
25 µM propidium iodide for 10 min. The samples were then
washed twice with DDW and placed on glass slides for
viewing in a confocal laser scanning microscope (Zeiss,
LSM 780) at 20 × magnifications with maximum excitation
of 535–617 nm.

Estimation of lycopene, β-carotene, and ascorbic acid content
Lycopene and β-carotene contents in the ripe fruits were
determined by the procedure described by Ranganna (1976)
and Sadasivam and Manickam (1997), respectively, whereas
ascorbic acid content in the fruits was determined following
the procedure applied by Raghuramula et al. (1983).

Yield characteristics
The yield parameters (number of fruits and fruit yield) were
measured at harvest (180 DAS). The units in which values
were measured are g of fruits/plant.

Statistical analysis
The experiment was conducted according to a simple
randomized block design. Each treatment was replicated five
times. Data were statistically analyzed with the analysis of
variance (ANOVA) using SPSS, 17.0 for Windows (SPSS,
Chicago, IL, USA). The least significant difference (LSD)
was calculated to separate the means.

Results

Growth analysis
The growth (shoot and root length, fresh and dry weight, and leaf
area) of the tomato plants were increased by the foliar application
of ZnO-NPs (10, 50 or 100 ppm) or EBL (10−8 M) at 45 and 60
days after sowing (DAS) (Figs. 1A, 1B and 2A–2E). On the other
hand, the combined application of EBL and ZnO-NPs proved
better than that of the individual application. The optimal
increase for all the growth characteristics was observed in the
plants sprayed with 50 ppm of ZnO-NPs with 10−8 M of EBL
over the untreated control plants, and the respective increase
was 39 and 44% (shoot length), 28 and 33% (root length),
32 and 41% (shoot fresh mass), 32 and 35% (root fresh mass),
37 and 46% (shoot dry mass), 36 and 45% (root dry mass)
and 39 and 45% (leaf area) at 45 and 60 DAS, over their
respective controls.

SPAD value
The SPAD value (chlorophyll) was increased as the growth
progressed and also with the application of ZnO-NPs and
EBL alone or in combination (Fig. 2F). Among the different
tested concentrations (10, 50 or 100 ppm) of ZnO-NPs, the
spray of 50 ppm of ZnO-NPs along with 10−8 M of EBL
proved to be most effective and increased the SPAD by 32
and 36% over their respective control at 45 and 60 DAS.
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Other concentrations of ZnO-NPs (10 or 100 ppm) along
with EBL also increased the leaf area over the control but not
to a significant level.

Net photosynthetic rate and related attributes
The values for net photosynthetic rate (PN) and its related
attributes, i.e., stomatal conductance (gs), internal CO2

concentration (Ci), and transpiration rate (E), were
increased significantly by the foliar application of ZnO-NPs
alone and with EBL at 45 and 60 DAS (Figs. 3A–3D).
However, the foliar application of 50 ppm of ZnO-NPs
along with 10−8 M of EBL proved best and increased the
values of PN by 36%, 45%; gs by 28%, 34%; Ci by 37%, 42%;
and E by 40%, 51% respectively at 45 and 60 DAS, over
their respective control. Furthermore, other concentrations
of ZnO-NPs (10 or 100 ppm) with EBL (10−8 M) also
increased the values over their control but less than the
combination of ZnO-NPs (50 ppm) and EBL (10−8 M).

Carbonic anhydrase (CA) and nitrate reductase (NR) activities
The values of CA and NR were higher in the leaves of the
plant that received ZnO-NPs and EBL alone as well as in
combination as foliar spray (Figs. 3E, 3F). However, plants
received 50 ppm of ZnO-NPs and also of 10−8 M of EBL
had significantly higher activity of CA and NR at 45
and 60 DAS, and the increase was about 28%, 36% for CA
and 31%, 38% for NR over non treated control at 45
and 60 DAS.

Antioxidant enzymes
The activity of antioxidant enzymes [catalase (CAT),
peroxidase (POX), and superoxide dismutase (SOD)]
increased as the growth progressed and also in the plants
sprayed with ZnO-NPs and EBL alone as well as in
combination (Figs. 4A–4C). The maximum activity of these
enzymes was recorded in the plants of the leaves sprayed
with 50 ppm of ZnO-NPs and 10−8 M of EBL. The activity
of CAT was increased by 60 and 72%, POX by 70 and 76%,
and SOD by 63 and 68%, at 45 and 60 DAS, over their
respective controls. Other concentrations of ZnO-NPs (10
or 100 ppm) along with EBL (10−8 M) also increased the
values for all the enzymes over their control.

Proline content
Levels of proline accumulation in leaves of tomato plants were
increased in response to foliar application of ZnO-NPs and/or
EBL (Fig. 4D). However, the combined application of
ZnO-NPs (50 ppm) and EBL (10−8 M) possessed the highest
proline content at both the stages of growth (Fig. 4D) and
the increase was about 12 and 15% at 45 and 60 DAS,
respectively, over the control plants.

Protein content
The plants treated with ZnO-NPs and/or EBL alone or in
combination had higher protein content than the control.
The prominent increase was noted in the combination of
ZnO-NPs (50 ppm) along with EBL (10−8 M), which was

FIGURE 1. Effect of zinc oxide nanoparticles (ZnO-NPs) and epibrassinolide (EBL) on the (A) shoot length and (B) root length of tomato plant at
45 and 60-day stage. All the data are mean of 5 replicates (N = 5), and the vertical bar shows standard error (SE). Different letters in graphs denote
significant differences between control and treatment (p < 0.05). T1–control (only water); T2–EBL (10−8 M); T3–ZnO-NPs (10 ppm); T4–ZnO-
NPs (50 ppm); T5–ZnO-NPs (100 ppm); T6–ZnO-NPs (10 ppm) + EBL (10−8 M); T7–ZnO-NPs (50 ppm) + EBL (10−8 M); T8–ZnO-NPs
(100 ppm) + EBL (10−8 M). Abbreviations: LSD–Least Significant Difference; DAS–days after sowing.
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about 13 and 15 % higher as compared to the control plants at
45 and 60 DAS, respectively (Fig. 4E).

Lycopene, β-carotene, and ascorbic acid content
The fruits obtained from the application to plants of
ZnO-NPs and/or EBL alone or in combination showed a
marked increase in the content of lycopene and β-carotene,
compared to the control plants. In addition, the
optimum increase was noted in the treatment of 50 ppm of
ZnO-NPs with 10−8 M of EBL and it was about 35%
(lycopene content) and 36% (β-carotene) over the control
plants (Figs. 5A–5B).

Plants treated with ZnO-NPs and/or EBL had a
minimum content of ascorbic acid in fruit (Fig. 5C). The
lowest value of ascorbic acid was noted in the plants that
received 50 ppm of ZnO-NPs and 10−8 M of EBL as a foliar
spray, and it was about 49% less as compared to the control.

Number of fruits and fruit yield
The data presented in Figs. 5D–5E reveals that the plants
treated with ZnO-NPs and/or EBL had a significantly higher
number of fruits and fruit yield at harvest.

However, the maximum increase was noted in the plants
sprayed with 50 ppm of ZnO-NPs and 10−8 M of EBL. The
increase was about 29 and 37% for fruit number and fruit
yield respectively over their control.

Scanning electron microscopy
Scanning electron microscopic analysis revealed a distinguished
effect in the stomatal orifice of the plants sprayed with
ZnO-NPs (50 ppm) and EBL (10−8 M) alone as well as in
combination as compared to the control (Fig. 6A). Stomatal
pore size, which was less than 6 µm in the controls, increased
to more than 6 µm upon combined application of ZnO-NPs
(50 ppm) and EBL (10−8 M) in the tomato plant.

FIGURE 2. Effect of zinc oxide nanoparticles (ZnO-NPs) and epibrassinolide (EBL) on the (A) shoot fresh mass, (B) root fresh mass, (C) shoot
dry mass, (D) root dry mass, (E) leaf area, and (F) SPAD value of tomato plant at 45 and 60-day stage. All the data are mean of 5 replicates
(N = 5), and the vertical bar shows standard error (SE).
Different letters in graphs denote significant differences between control and treatment (P < 0.05). T1–control (only water); T2–EBL (10−8 M);
T3–ZnO-NPs (10 ppm); T4–ZnO-NPs (50 ppm); T5–ZnO-NPs (100 ppm); T6–ZnO-NPs (10 ppm) + EBL (10−8 M); T7–ZnO-NPs (50 ppm) +
EBL (10−8 M); T8–ZnO-NPs (100 ppm) + EBL (10−8 M). Abbreviations: LSD–Least Significant Difference; DAS–days after sowing.
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Confocal laser scanning microscopy
Cell viability could be examined visually by observing nucleic
acid staining. Viability shows antagonistic effects with stained
nuclei. In the present study, exogenous application of ZnO-
NPs and EBL increased cell viability, which was evident
from the lesser number of stained nuclei (Fig. 6B).

Discussion

The positive effects of individual ZnO-NPs (Rawat et al., 2018;
Prasad et al., 2012; Garcia-Lopez et al., 2018) and EBL

(Bajguz and Hayat, 2009; Babalik et al., 2019) on plants are
known where their exogenous application change the
physical, chemical, and biological characteristics, as well as
their catalytic properties, which in turn influence the
physiological and biochemical activities in plants. In the
present study, plants sprayed with the combination of EBL
and ZnO-NPs improved the growth attributes such as shoot
and root length, fresh and dry mass of plant and leaf area
(Figs. 1A, 1B and 2A–2E). The positive effects of ZnO-NPs
on the growth indicators were mainly associated with the
enhanced photosynthetic rate which leads to higher cell

FIGURE 3. Effect of zinc oxide nanoparticles (ZnO-NPs) and epibrassinolide (EBL) on the (A) carbonic anhydrase activity, (B) nitrate
reductase activity, (C) net photosynthetic rate, (D) stomatal conductance, (E) internal CO2 concentration, and (F) transpiration rate of
tomato plant at 45 and 60-day stage. All the data are mean of 5 replicates (N = 5), and the vertical bar shows standard error (SE).
Different letters in graphs denote significant differences between control and treatment (P < 0.05). T1–control (only water); T2–EBL
(10−8 M); T3–ZnO-NPs (10 ppm); T4–ZnO-NPs (50 ppm); T5–ZnO-NPs (100 ppm); T6–ZnO-NPs (10 ppm) + EBL (10−8 M); T7–
ZnO-NPs (50 ppm) + EBL (10−8 M); T8–ZnO-NPs (100 ppm) + EBL (10−8 M). Abbreviations: LSD–Least Significant Difference; DAS–
days after sowing.
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division, biomass, and length (Garcia-Lopez et al., 2019;
Mahajan et al., 2011). In addition, EBL also acts as
an important growth-promoting hormone (Zhabinskii et al.,
2015), and its transcription factors BZR1 (BRASSINAZOLE-
RESISTANT) and BES1/BZR2 along with other genes could
have induced the activity of expansions and xyloglucanases
(Gudesblat and Russinova, 2011), which leads to better growth

of the plants. Therefore, it is assumed that the combined
application of ZnO-NPs and EBL proved to be more effective.
Individual application of ZnO-NPs (Raliya and Tarafdar, 2013;
Prasad et al., 2012) and EBL (Bajguz and Tretyn, 2003; Ali et al.,
2008) has already been reported to enhance plant growth.

Exogenous application of ZnO-NPs and EBL
significantly induced the activities of CA and NR enzymes

FIGURE 4. Effect of zinc oxide nanoparticles (ZnO-NPs) and epibrassinolide (EBL) on the activities of (A) catalase, (B) peroxidase, (C)
superoxide dismutase, (D) proline content, and (E) protein content of tomato plant at 45 and 60-day stage. All the data are mean of 5
replicates (N = 5), and the vertical bars show standard error (SE).
Different letters in graphs denote significant differences between control and treatment (P < 0.05). T1–control (only water); T2–EBL (10−8 M);
T3–ZnO-NPs (10 ppm); T4–ZnO-NPs (50 ppm); T5–ZnO-NPs (100 ppm); T6–ZnO-NPs (10 ppm) + EBL (10−8 M); T7–ZnO-NPs (50 ppm) +
EBL (10−8 M); T8–ZnO-NPs (100 ppm) + EBL (10−8 M). Abbreviations: LSD–Least Significant Difference; DAS–Days After Sowing.
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(Figs. 3A, 3B). Among the different concentrations of ZnO-
NPs used, 50 ppm of ZnO-NPs with 10−8M of EBL
optimized the activities of CA and NR. There are various
factors that decide the proper activity of CA, viz. intensity
of light, hormonal signaling, accessibility of Zn, and
regulation of gene expression of transcript (Tiwari et al.,
2005). Moreover, ZnO-NPs with EBL increased the CO2

assimilation (Fig. 3D), which leads to an increase in the
activity of CA. Increased CA activity was also recorded in
the several plants treated with ZnO-NPs (Faizan et al., 2018;
Faizan and Hayat, 2019), SiO2-NPs (Siddiqui et al., 2014),
and EBL (Fariduddin et al., 2003). The cumulative spray of
ZnO-NPs and EBL also increases the NR activity (Fig. 3F). It
was reported that NR activity modulates the various

FIGURE 5. Effect of zinc oxide nanoparticles (ZnO-NPs) and epibrassinolide (EBL) on the contents of (A) lycopene, (B) β-carotene, (C)
ascorbic acid, (D) number of fruits, and (E) fruit yield of tomato plant at the 180-day stage. All the data are mean of 5 replicates (N = 5),
and the vertical bar shows standard error (SE).
Different letters in graphs denote significant differences between control and treatment (p < 0.05). T1–control (only water); T2–EBL (10−8 M);
T3–ZnO-NPs (10 ppm); T4–ZnO-NPs (50 ppm); T5–ZnO-NPs (100 ppm); T6–ZnO-NPs (10 ppm) + EBL (10−8 M); T7–ZnO-NPs (50 ppm) +
EBL (10−8 M); T8–ZnO-NPs (100 ppm) + EBL (10−8 M). Abbreviations: LSD–Least Significant Difference; DAS–days after sowing.
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physiological functions and activates specific photosynthetic
machinery. The increased activity of NR by exogenous
application of ZnO-NPs and EBL speculated to be the ability of
ZnO-NPs and EBL as in plants NR plays a key role in the
synthesis of nitric oxide (NO). NR-mediated NO production
was induced by various abiotic stresses. It has also been reported
that NO can regulate the activity of NR, thereby upregulate the
activity of other substances, including that of nitrate, which has
the capability of activating specific genes of NR (Campbell, 1999).

SPAD value (chlorophyll content) is used to indicate the
plant’s photosynthetic capacity. In the current study, the
combined application of ZnO-NPs (50 ppm) and EBL (10−8

M) as a foliar spray increased the chlorophyll index to a
maximum level in the tomato plant (Fig. 2F). The rise in
chlorophyll content by ZnO-NPs and EBL could be an
articulation of an improvement in the translation of
chlorophyll biosynthetic genes (Bajguz and Asami, 2005) and
also due to the disruption of chlorophyll destruction pace and
other related proteins, mainly those linked to the antenna
complex (Sadeghi and Shekafandeh, 2014; Bajguz, 2000).

The photosynthetic efficiency of the plants under
exogenous application of ZnO-NPs and EBL was increased
through the attenuation of different gas exchange attributes
like PN, gs, Ci, and E (Figs. 3C–3F). It is claimed that enhanced
photosynthetic efficiency after the exogenous use of EBL could
be due to the improved activity of the water-splitting system,
photochemical quenching, non-photosynthetic quenching,
maximum PSII efficiency, and enhanced activity of rubisco
enzyme (Siddiqui et al., 2018). In addition, modification of
photosynthetic rate due to exogenously application of ZnO-
NPs manifested the enhanced assimilation of atmospheric CO2,
synthesis and/or activation of the enzymes involved in the
chlorophyll biosynthesis and also associated with
photosynthesis (Yu et al., 2004). Elevated values of E after
treatment can be attributed to enhanced gs (Fig. 3C), which
leads to the higher absorption of water and nutrients

(Sharma et al., 2020; Ali et al., 2008). Moreover, higher
chlorophyll content (Fig. 2F) and CA activity (Fig. 3E) after
application of ZnO-NPs and EBL leads to higher PN (Fig. 3A).

The higher production of reactive oxygen species (ROS) is a
consequence of the non-functioning of cellular metabolism, which
leads to oxidative damage to macromolecules and ultimately
causes cell death (Tripathy and Oelmuller, 2012). Oxidative
stress, caused by an elevated accumulation of ROS coincided
with the higher amount of H2O2 reflecting the damage to lipids
and proteins and adverse effects on metabolic processes, which
in turn declined the biomass of the plant (Gill and Tuteja,
2010). Plant cells are normally protected against such effects by
a complex non-enzymatic and enzymatic antioxidant system
(Ali et al., 2008). The earlier study demonstrated that the
exogenous application of ZnO-NPs elevated the enzymatic
defense mechanisms by increasing the CAT, POX, and SOD
(Faizan and Hayat, 2019; Faizan et al., 2018), but this rise was
further boosted by the follow-up treatment of EBL and the
prominent increase in the activities of CAT, POX and SOD
were observed in the plants (Figs. 4A–4C). The EBL-induced
increase in antioxidant enzymes could be due to increased det2
gene expression, which confers endurance to oxidative damage
in Arabidopsis through an enhanced antioxidant defense system
(Cao et al., 2005). This can be supported by the results of Hu et
al. (2013) and Hayat et al. (2007). This view was also further
supported by the study of Javadi et al. (2018).

Proline plays a role as an osmoprotectant, membrane
stabilizer, and ROS scavenger (Bandurska, 2001). The
osmotic adjustment stabilizes the antioxidant system,
protecting the integrity of the cell membrane and reducing
the impacts of free radicals (Sharma et al., 2019). The
present study disclosed that foliar application of ZnO-NPs
along with EBL substantially enhanced the accumulation of
proline (Fig. 4D). EBL has the potential to elicit proline
accumulation by expressing genes associated with the
biosynthesis of proline (Bajguz, 2000). These findings are in

FIGURE 6. The figure represents scanning electron microscopic images of stomata (A), confocal micrographic images of root cell (B) of a 60-
day-old plant of tomato; (i), (ii), (iii), and (iv) represent control, treated with EBL (10−8 M); ZnO-NPs (50 ppm) and ZnO-NPs (50 ppm) + EBL
(10−8 M) images, respectively.
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tune with the study of Helaly et al. (2014) and Ozdemir et al.
(2004) with ZnO-NPs and EBL, respectively.

In the current study, foliar application of ZnO-NPs and EBL
to the tomato plant resulted in a higher content of protein
(Fig. 4E). This may be due to the fact that ZnO-NPs with EBL
can regulate the activity of proteins and other enzymes in the
membrane, either by affecting configuration or protein activity
through direct associations of proteins and sterols, leading to
the maintenance of protein structure and regulation of enzymes
responsible for protein synthesis (Guzel and Terzi, 2013). This
result further finds support from the observation of Raliya and
Tarafdar (2013) and Mukherjee et al. (2016).

The transformation in color during the ripening of tomato
fruit is principally due to the accumulation of lycopene and β-
carotene (Karlova et al., 2011) and is included as the most
abundant carotenoid in the tomato plant (Liu et al., 2014). In
the present observation, ZnO-NPs with EBL significantly
increased the content of lycopene and β-carotene in a
concentration-dependent manner, and 50 ppm of ZnO-NPs
+ 10−8 M of EBL was proved to be best (Figs. 5A, 5B). The
reason behind the increase of lycopene and β-carotene may
be associated with the ethylene-mediated gene expression
during ripening (Giovannoni, 2001). Our outcomes are well
supported by Ke et al. (2019), who reported that carotene
and lycopene were increased due to oxidative stress. Unlike
lycopene and β-carotene, the application of ZnO-NPs with
EBL significantly decreased the ascorbic acid content in
mature fruits (Fig. 5C). A similar decrease in ascorbic acid
was also reported by Vardhini and Rao (2002) and Ali et al.
(2006) by the individual application of BRs.

The increase in plant yield in the form of number of
fruits and fruit yields depends on the flower formation,
flower survival, fruit setting, and maturation (Faizan et al.,
2018). The present study revealed that treatment of ZnO-
NP along with EBL significantly increased the number of
fruits and fruit yield (Figs. 5D, 5E). This enhancement in
yield is maybe due to the slow process of senescence before
and/or after pollination (Iwahori et al., 1990).

Conclusions

Based on the results obtained from this study, we can conclude
that individual and synergistic effects of ZnO-NPs and EBL
significantly increased the morpho-physiological and
biochemical traits of tomato plants. Such improvements can
easily be observed in photosynthetic pigments, antioxidant
defense systems, and yield characteristics. The response of
exogenous application of 50 ppm of ZnO-NPs with 10−8 M
of EBL proved best than the other treatments. Overall, this
study could provide a clear understanding for researchers to
find out the actual molecular mechanism behind the ZnO-NPs
and EBL-based enhancement mechanism in tomato, by which
they can carry further investigation at the cellular level.
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