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Abstract: Growing vegetables can be seen as a means of improving people’s livelihoods and nu-
tritional status. Tomatoes are one of the world’s most commonly planted vegetable crops. The
nutritional arrangement of the tomato depends on the quantity and type of nutrients taken from the
growing medium, such assoil and foliar application; therefore, an adequate amount of macro- and
micro-nutrients, including zinc (Zn) and zinc oxide nanoparticles (ZnO-NPs), are crucial for tomato
production. Zinc foliar spraying is one of the effective procedures that may improve crop quality
and yield. Zinc oxide nanoparticles (ZnO-NPs) are represented as a biosafety concern for biological
materials. Foliar application of Zn showed better results in increasing soluble solids(TSS), firmness,
titratable acidity, chlorophyll-a, chlorophyll-b, ascorbic acid, amount of lycopene. Researchers have
observed the effect of nanoparticles of zinc oxide on various crops, including tomatoes. Foliar spray-
ing of ZnO-NPs gave the most influential results in terms of best planting parameters, namely plant
height, early flowering, fruit yields as well as lycopene content. Therefore, more attention should be
given to improving quantity and quality as well as nutrient use efficiency of Zn and ZnO-NPs in
tomato production. Recent information on the effect of zinc nutrient foliar spraying and ZnO-NPs as
a nano fertilizer on tomato productivity is reviewed in this article.
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1. Introduction

Vegetable production can be espoused as an effective tool for maintaining the lifestyle
and nutritional status of the people. Tomatoes are one of the most widely grown, valuable,
and consumed vegetables in the world, ranking second only to potatoes in terms of con-
sumption [1]. It is measured as a perennial crop, but in the case of commercial productions,
it is considered as a self-crossing annual crop [2]. Tomato (Solanum lycopersicumy) is a popu-
lar vegetable crop and a good source of protein, calcium, iron (Fe), sodium (Na), potassium
(K), magnesium (Mg), vitamin A, vitamin C, antioxidant and carotenoids, which help to
prevent cancer and degenerative diseases [3]. Studies show that Zn plays a vital role in
achieving higher yields and better quality of tomato. Several studies have noted that Zn is
a vital nutrient element, which is required by all living organisms, and it ranks 23rd on the
planet and is the second most abundant transition metal, following iron [4,5]. Zinc is an
essential trace element in various plant functions, such as increasing the rate of enzymes,
chlorophyll, antioxidants, and is a necessary constituent of numerous proteins [6]. Foliar
application can expand the yield contributing character, fruit set, and fruit yield of tomato
through photosynthesis of green plants [7].
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Nanotechnology is a rapidly evolving technology that has the potential to usher in a
new era of scientific discovery in every field [8]. Nanoparticles (NPs) are unit resources with
a distinctive dimension from 1 to 100 nm and incredible structural and physicochemical
characteristics due to their chemical, physical, biomedical, and optical properties [9].
Nanoparticles associate with plants, causing a variety of morphological and physiological
changes depending on their properties. The efficiency of NPs is measured by their physical,
chemical composition, size, shape, surface, and effective doses [10]. It was reported that
the application of appropriate quantities of ZnO-NPs to the roots, shoots, and grains of
wheat has an ability to control the plant’s growth, recognizing that these nanoparticles are
the source of Zn that can eventually alleviate Zn deficiency in plants [11]. Conversely, the
excess concentration of ZnO-NPs meaningfully impedes tomato-root and -shoot growth,
decreases the content of chlorophylls-a and -b, and ultimately hampers photosynthetic
efficacy and some other chlorophyll fluorescence parameters [12].

However, the foliar application of boron (B) and Zn at the concentrations of 250 ppm
and 150 ppm, respectively, showed better performance on the dry weight of leaves, stem,
and root. For example, tomato yield represented the highest result by the foliar application
of Zn at concentrations of 250 ppm [13]. The effective response was observed in the case
of the number of branches per plant, stem diameter, and spread of plant at 1.0% foliar
spraying of Zn with Fe and B in the chili plant [14]. Nawaz and co-workers [15] observed in
their experiment that the maximum number of tomato fruits per plant was produced and
the total yield of tomato (28.43 t ha~!) was increased by 100% over control with the foliar
application of 10 ppm Zn associated with the rate of 150 kg ha~!, 100 kg ha~! nitrogen
(N) and phosphorus (P), respectively. The combined application of macronutrients in the
soil, as well as a foliar spraying of the plant, was suggested to improve tomato qualities
and yield [16]. The foliar spraying at 0.2% of zinc sulfate, ferrous sulfate, calcium nitrate
with 0.1% spraying of B gave the most significant positive response in the case of growth,
flowering, and yield and quality of tomato [17]. The root and shoot biomass were increased
by 40.9% and 76.0%, respectively, over control in mungbean seedlings with an application of
ZnO-NPs (20 ppm). Conversely, in chickpea seedlings, the root biomass and shoot biomass
exhibited 37.1% and 26.6% growth, respectively, with an application of 1 ppm of ZnO-NPs [18].
This review has focused on recent developments in the application and impact of Zn nutrient
and nanoparticles on tomatoes, as well as potential prospects and challenges.

2. Importance of Tomato

Tomato is one of the widespread fruiting-vegetable crops, which is grown throughout
the world, and it stands in the second position behind potato in considering area, but in the
case of a processing crop, it bears first-place worldwide [19]. It is categorized as an annual
crop, planted in the warm period of a year with an average optimal rising temperature
between 25 °C to 29 °C. Moreover, tomato relishes a significant position considering their
nutritional value. Approximately 100 g of tomato fruits contain calcium 48 mg, ascorbic
acid 27 mg, phosphorus 20 mg, carbohydrates 3.6 g, proteins 0.9 g, fiber 0.8 g, iron 0.4 g, fats
0.2 g, and energy 20 K cal. Tomato also encompasses lycopene pigments and (3-carotene,
where lycopene is the indicator of its red color. Tomatoes also preserve the blood vessels
in good condition and protect them from scurvy diseases [20]. Tomato shows a major
role in the human diet due to its rich source of lycopene, vitamins viz. ascorbic acid, and
[3-carotene, which are antioxidants and minerals, such as calcium [21]. In terms of human
health, it is a prime component in the everyday diet due to it constituting a vital source of
minerals, vitamins, and antioxidants [22]. Emphasis has recently been given to tomato in
terms of their role in the recovery from different types of diseases. This attention is owing
to the existence of carotenoids and particularly lycopene, which is an unsaturated allylic
compound that performs by diminishing cellular aging and inhibiting cardiovascular risk,
cancer, and others [23,24]. Tomatoes can be used in varied ways in the kitchen, e.g., ketchup,
juice, pulp, etc. [25]. Tomato is an important crop in many markets around the world.
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Nevertheless, the cost price and the quality are still considered as a great challenge due to
varied global temperature and soil conditions [26].

3. Importance of Foliar Fertilization

Foliar application (Figure 1) is a method of plants nutrition that involves directly
applying liquid fertilizer to the leaves rather than the soil. Foliar fertilization represents
the application of nutrients by spraying to the plants’ leaves and stems for absorption. The
foliar fertilizers enhance the plant’s yield, reduce diseases and pest infestation, influence
drought tolerance as well as improve crop quality. The plant can only absorb a certain
quantity of nutrients supplied by foliar spraying, so the foliar application should be
applied as a supplementary form of nutrients but not replacing the basal dose of fertilizers.
Conditions for the application of foliar fertilizers are as follows:

1. Foliar spraying should be in the early morning and late afternoon because the humidity is
higher, and the leaves of plants are in a full turgor condition with their cells full of water.

2. Foliar spraying should be avoided during the warm hours of the day; plants can only

absorb nutrients in a limited amount at high temperatures.

Foliar spraying should be applied under minimum wind conditions.

4.  Itshould be sprayed at a time of sufficient soil moisture condition when leaves will
be turgid and become less water-stressed, so irrigation is better before spraying.

5. Spraying should be avoided before rainfall.

The optimum pH of foliar spray is slightly acidic (5 £ 0.5).

7. A suitable wetting agent or surfactant for minimizing the surface tension of the spray
droplets should be used, which ultimately maintain the proper distribution of the
droplet, increase the wetted surface area, decrease the burning of the leaves as well as
improve nutrient uptake by plants.

8. It should be ensured that the fertilizer is in a fully soluble condition [27].

@

o

The situation of nutrient uptake in the soil is not always entirely effective because of
leaching, soilfixations, blockages, and other losses. These problems can be minimized by
arranging foliar application. There are several advantages of foliar fertilizers because of
three following main reasons: 1. Foliar fertilization is more efficient because the chelated
nutrients are fully plant available. 2. It promotes the growth of the plants even in less
favorable weather conditions. 3. It is an environmentally friendly solution [28]. On the
other hand, bio stimulants act as an additive to the fertilizer and give support for the
uptake of nutrients, enhance plant growth, and improve tolerance to abiotic stress. These
cannot serve as fertilizers because of their inability to supply nutrients directly to the plants.
These may assist the gain of nutrients by enhancing metabolic processes in the soil and
plants [29]. Foliar fertilization can supply nutrients directly to the plant, so this method is
better than bio stimulant applications.

The most effective foliar applications are when a plant lacks nutrients. Narimani
and colleagues observed that the foliage application of microelements could increase the
competence of micronutrient activities [30]. Bozoglu et al. [31] identified that foliar spraying
of Zn could enhance higher yield attributes, yield, and quality of chickpea.

Foliar application of micronutrients is one of the most effective tools in terms of
the quick response of microelements when roots fail to provide adequate supply [32].
Foliar spraying of microelements is a more appropriate approach than those of the soil
application because of its various activities, such as overcoming nutrient deficiency quickly,
relaxed application, decreasing the toxicity created by the accumulation in the roots, and
stopping nutrient fixation by the soil [16]. Micronutrients have an impressive action in the
development of different plant parts as well as and foliar spraying of these micronutrients
can increase the vegetative and reproductive growth, setting of fruit, quality, and yield
attributes of tomato by ensuring the photosynthesis effects of green plants [7]. So, the
foliar spraying is the real method to nourish the tomato crop by enriching the growth,
quality, yield contributing characters, and remarkable yield [17]. It is noted that balanced
fertilization of major and minor nutrients can improve the production of crops, where foliar
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spraying of micronutrients is not only an effective approach but also a secured system of
fertilizer application [33,34]. Therefore, foliar spraying is a more applicable method than
soil application for quick nutrient uptake [35].
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Figure 1. Method of foliar fertilization.

4. Importance of Zinc Nutrient on Tomato Plants

Zinc is an essential micronutrient that enhances enzyme reactions similar to man-
ganese and magnesium, and it can improve the effectiveness of photosynthesis and enhance
the antioxidant system of tomato plants [36]. In addition, in conjunction with boron, Zn
aids in the synthesis of auxin, growth of cell walls, and cellular proliferation in plants [37].
Zn plays a key role in managing the generation and detoxification of free oxygen radicals,
which can damage membrane lipids and sulfhydryl groups, and it is also necessary for
the production of the carbonic anhydrase enzyme which supports the transport of CO,
throughout photosynthesis [38].

Furthermore, Harris and co-workers found that Zn is responsible for RNA metabolism,
encouraging the formation of carbohydrates, proteins, and DNA, increased seed generation,
fruit set, the number of fruits per plant, fruits” length and diameter, fruits” dry weight, the
sum of seeds per fruit, and seed yield per plant [13]. The maximum number of fruits per
cluster, fruit set, fruit weight, number of fruits per plant, fruit yield per plant, higher total
soluble solids (TSS), and vitamin C were increased by the application of zinc nutrients in
the tomato plant [39]. Abedy [40] reported that this micronutrient has also displayed a
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key role in precipitating photosynthesis and related enzymes, which are responsible for
increasing sugar and decreasing acidity. The deficiency of Zn also affects the growth of
various crops. The maximum TSS, chlorophyll-a, chlorophyll-b, vitamin C, flavonoids,
carotenoids, and phenolics were recorded in plants treated with the application of zinc
nutrients at 30 ppm in the tomato plant [41]. Passam and other fellow plant workers [42]
also identified various malformations, such as shorter and thinner internodes, stunted
growth, chlorotic spots on older flooring, and the upward twisting of the leaf borders
in Zn-deficient plants. The maximum plant height (cm), number of branches per plant,
number of leaves per plant, first day flowering at 29.68 days, number of fruits per plant
(28.33), fruit weight per plant (1.38 kg), and fruit yield flowering at 29.68 days, number
of fruits per plant (28.33), fruit weight per plant (1.38 kg), and fruit yield (51.12 t ha=!)
were obtained under 10 Zn kg ha~1 [43].Sultana et al. [16] also found that the tomato yield,
both quantity and quality, meaningfully responded to foliar spraying of B and Zn nutrient.
They also observed that foliar fertilization, consisting of Zn and B at 0.05% and 0.03%,
respectively, accomplished the maximum fruit yield (85.5 t ha! and 81.7 t ha~! in 2013 and
2014, respectively), while the control cropping plot achieved 66.8 and 60.7 t ha~! in 2013
and 2014, respectively.

5. Effect of Zinc Sulfate Fertilizer on Tomato

Until now, various experiments have been carried out to observe the effect of ZnSO,
fertilizer on the tomato plant. In an experiment by Harris and co-workers [13], at 80 and
95 days after transplant, the highest plant height was observed in the combined application
of H3BO;3 (350 ppm) along with ZnSO4 (350 ppm). Recently, Haleema and colleagues [44]
showed that, with a foliar application of 0.5% Zn, maximum tomato plant height (86.53 cm),
number of primary branches (2.53) and secondary branches (6.42), leaves per plant (167),
leaf area (63.33 cm?), and fruits per plant (63.78) were attained.

The fruit yield of two tomato variants, VCT-1 and Rio Grande, was improved by 39%
and 54% over the control variant with the application of Zn at 10 mg/kg soil, whereas the
yield of tomatoes was improved by 34 and 48%, respectively, at 15 mg kg ! of soil application.
Therefore, it has been suggested that soil application at 10 ppm has a positive impact on
the yield and quality of fruits, biochemical composition, and enzymatic features of both
variants [45]. In 2014, Shnain and colleagues [46] obtained a higher number of leaves in
tomatoes at a combined concentration application of Zn (1250 ppm) and B (1250 ppm).

The greatest plant height (106.9 cm), quantity of leaves per plant (68.9), surface area of
the leaf (48.2 cm?), number of clusters per plant (21.6), number of branches per plant (11.9),
number of fruits per cluster (1.8), amount of fruits per plant (33.6), fruit length (5.3 cm) and
diameter (5.1 cm), fruit weight (60.4 gfruit—!), and yield (1.9 kgplant~!, 25.7 kgplot~! and
58.3 t ha~!) were also reported for the combined application of foliar spray with 12.5 ppm
ZnSOy4 and 12.5 ppm H3BOj3, whereas the lowest outcomes were observed in the control
group [47]. Ullah et al. [48] also reported that the number of flower-bunches per plant
(27.45), number of flowers per bunch (5.66), number of fruits per bunch (4.57), number of
branches per plant (7.36), and yield (23.40 t ha~!) of tomato had maximum outcomes with
an application of 0.4% Zn foliar spray. Singh and Tiwari [49] also observed an increasing
number of tomato-plant leaves with the foliar application of Zn and B. The use of Zn and B
together also can increase the number of tomatoes per plant [50]. The foliar application of
Zn (50 ppm) can enlarge the length of roots at 105 days in tomatoes [51]. It was found that
the vegetative and reproductive growths of tomatoes were significantly enhanced by the
combined application of Fe (200 mg L1 and Zn (100 mg L~1). The combination resulted in
the plant’'s maximum height (124.14 cm), branches per plant (8.36), per-cluster flower count
(18.14), per-cluster fruits count (8), numbers of fruits per plant (90.14), the average weight of
fruits (95.14 g), SPAD guided chlorophyll content (22.14 pmol), and yield (25.14 t ha—!) [52].

A field experiment was conducted by Naga Sivaiah et al. [53] for measuring the
influence of the foliar application of micronutrients in two tomato varieties: Utkal Kumari
and Utkal Raja on vegetative and reproduction growth attributes. The maximal growth
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of the plant (85.7%) was observed 30 days to 70 days after transplantation, following the
application of a blend of micronutrients (78.2%) with 100 ppm foliar treatment, including B,
Zn, molybdenum (Mo), copper (Cu), Fe, manganese (Mn), and B foliar application (77.5%)
at 100 ppm.

Datta Reddy et al. [54] experimented with the outcome of foliar application of six
micronutrients (Zn, Mo, B, Cu, Mn, and Fe) on growth and yield parameters in two tomato
varieties (e.g., Arkasourabh and Arkavikas). They found that mixed application of all
micronutrients (250 ppm) except Mn (50 ppm) showed better plant growth patterns in
terms of plant height, the number of compound leaves, and yield parameters (e.g., tender
and mature fruits per plant) over the control samples.

Saravaiya and co-workers [55] experimented on the effect of the foliar spray appli-
cation of micronutrients on tomato (Lycopersicon esculentum Mill. var. Gujarat Tomato 2)
plants. They demonstrated significant results in terms of plant height (132.77 cm), the
garden-fresh weight of foliage (25.70 t ha—!), quantity of branches per plant (5.96), dry
matter yield of plants (7669.04 kg ha~!), the maximum number of days before the last
harvest (166.01), quantity of fruits per plant (34.43), length of fruits (5.47 cm), fruit diameter
(4.57 cm), fruit volume (65.94 cm?), the weight of a single fruit(49.00 g), per-plant fruit
weight (1.69 kg), thickness of the pericarp (6.27 mm), quantity of locules per fruit (3.01),
fruit yield (46.87 t ha1), and saleable fruit yield per hectare (45.68 t) with the usage of
N (75 kg ha—1), P (as P,Os, 37.5 kg ha™1), K (as K0, 62.5 kg ha~1) as a combination of
chemical fertilizers along with 100 ppm of Zn.

Dixit et al. [17] also reported another experiment and best outcomes after the combined
foliar application of FeSOy (0.2%), CaNO3(0.2%), B (0.1%), and ZnSO; (0.2%) spray in terms
of maximum plant height, plant girth, the number of fruits per plant, fruit length and
diameter, fruit weight, and per-plant yield compared to the control group of plants. Various
researchers found Zn significantly influences different parameters, which are mentioned in
the following Table 1.

Table 1. Influence of Zn on different parameters.

No. Parameters Results References
1 The plant height 86.53 Cmfﬁﬁﬂffi;?gfﬁﬁ;“é (1) (')200/1‘;5;504’ and [13,17,44,47,52-55]
2 Number of primary per plant 2.53 @ 0.5% ZnSOy4 [44]
3 Number of secondary per plant 6.42 @ 0.5% ZnSOy4 [44]
4 Leaf area 63.33 cm? @ 0.5% ZnSOy [44,47]
5 Number of leaves per plant 167 @ 0.5% ZnSOy [44,46,47,49,54]
6 Number of fruits per plant 63.78,72.07 @ 0'5%’9%.21(:/5 éri%g;gi;pectively, and 34.43, [44,47,50,52,55]
7 Individual fruit weight 80.06 g @ 0.2% ZnSOy, 49.0 g, 95.14 g @ 100 ppm [17,52,55]
8 Chlorophyll content 22.14 umol [52]
9 Fruit length and diameter 477 cm and 4.57 4C g;?rr?g/; é)nsgéland 547 cm and [17,55]
10 Pericarp thickness 6.27 mm @ 100 ppm [55]
11 Number of branch per plant 7.36 @ 0.4% ZnSOy and 8.36, 5.96 @ 100 ppm [48,52,55]
12 Dry matter yield 7.67 tha—! @ 100 ppm [55]
13 Fruit yield 2340 tha! @0.4% Zrllg(()); ;Il’llld 25.14,46.87 tha ! @ [45,4748,52,55]
14 Number of flowers per cluster 18.14 @ 100 ppm [52]
15 Number of fruit per cluster 8.0 @ 100 ppm [47,52]
16 Number of flowers per bunch 5.66 @ 0.4% ZnSOy4 [48]
17 Number of fruit per bunch 4.57 @ 0.4% ZnSOy4 [48]
18 Number of flower-bunch per plant 27.45 @ 0.4% ZnSOy4 [48]
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6. Effect of ZnO-NPs on Tomato Production

Nanoparticles are made from organic and inorganic nanomaterials. Their synthesis
also varies in terms of physical or chemical methods. The inorganic nanomaterials include
the metal oxides, such as ZnO, TiOy, MgO, and AgO, and others. On the other hand, the
organic nanomaterials include lipids, polymers, and carbon nanotubules. Nanoparticles
of different materials are usually four types, i.e., silver, gold, alloy, and magnetic. In this
regard, nanofertilizers are classified on the basis of nutrient categorization. Therefore,
there are classically two types of nanofertilizers, i.e., micronutrient nanofertilizers and
macronutrient nanofertilizers [56].The components of nanofertilizers may include zinc
oxide nanoparticles (ZnO-NPs), silica, iron, and titanium dioxide, ZnS/ZnCdSe core—shell
quantum dots (QDs), InP/ZnS core-shell QDs, Mn/ZnSeQDs, gold nanorods, Al,O3, TiO,,
CeO;, and FeO [57]. These nanofertilizers are synthesized following the specific method
from the respective chemicals. For example, Zn nanofertilizers are synthesized from ZnO,
and Fe nanofertilizers are synthesized from Fe,Os.

Recently, researchers have observed the effects of nanoparticles of zinc oxide, Zn-
NPs, on various crops, including tomatoes. The acceptance of nanoparticles by plants is
influenced by various factors, such as the nature of the particles as well as the interaction
of NPs with the environment and the physiological condition of the plant (Figure 2).
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Figure 2. Factors influencing absorption, uptake, transport, and penetration of nanoparticles in plants.(A) Nanoparticle traits

affect how they are taken up and translocated in the plant, as well as the application method. (B) In the soil, nanoparticles can

interact with microorganisms and compounds, which might facilitate or hamper their absorption. Several tissues (epidermis,

endodermis) and barriers (Casparian strip, cuticle) must be crossed before reaching the vascular tissues, depending on the

entry point (roots or leaves). (C) Nanomaterials can follow the apoplastic and/or the symplastic pathways for moving up

and down the plant and radial movement for changing from one pathway to the other. (D) Several mechanisms have been

proposed for the internalization of nanoparticles inside the cells, such as endocytosis, pore formation, mediated by carrier

proteins, and through plasmodesmata [58].
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The effects of different Zn and ZnO-NPs concentrations in tomatoes and wheat were
evaluated by Amooaghaie et al. [59]. Results showed that Zn and ZnO-NPs help in germi-
nating seeds and boosting growth parameters at lower concentrations, while NPs decrease
these characteristics at higher concentrations. However, dissolved zinc (3-23 mg L~1) to
form NPs had no significant impact on either of the species’ germination factors. Among
different concentrations of ZnO-NPs, foliar spraying at 50 ppm gave the maximum result
in the case of shoot length (30.1%), shoot fresh mass (27.7%), shoot dry mass (29.0%), root
length (28.7%), root fresh mass (26.1%), root dry mass (24.6%), and leaf area (24.1%), SPAD
chlorophyll content (32.1%), the fruit number per plant (21.1%), and fruit yield (19.4%)
over control [36]. Rosa and co-workers [60] presented that the germination percentage was
reduced by 20% with the application of ZnO-NPs (1600 mg L.~!) over control, and root
growth of seedling also decreased by 50%with the application of 800 and 1600 mg L~ of
ZnO-NPs over control. On the other hand, seedling sincreased the biomass production by
35% over control when seeds were germinated with 800 mg L~1.

Tomato seeds responded variably towards the treatment at different concentrations
of ZnO-NDPs. Seed treated with the application of 400 ppm ZnO-NPs recorded significant
germination (93.33%) and Seedling Vigor Index (919.80). Actually, the application of
400 ppm ZnO-NPs represented the maximum result, and after that, higher concentrations
showed decreased seedling vigor index [61].

Zinc oxide nanoparticles have a positive impact on salt tolerance. Hosseinpour et al. [62]
reported that the application of ZnO-NPs at 40 ppm could be mitigated salinity stress in
tomato seedlings. They mentioned that the flag leaf width, plant height, stem diameter, leaf
fresh weight, leaf dry weight, root fresh weight, and root dry weight found higher values in
salinity stress with the application of 40 mg L' ZnO-NPs with Lactobacillus casei and the
lowest results of that were recorded under 250 mM NaCl stress (Figure 3).

Figure 3. Treated tomato seedlings (a) Control, (b) ZnO-NPs, (c) Bacillus pumilis (N1), (d) Bacillus-
pumilis (N1) + 20 mg L~! ZnO-NPs, (e) Bacillus pumilis (N1) + 40 mg L' ZnO-NPs.

The maximum number of flowers was recorded by applying foliar spraying@ 250 ppm
ZnO-NPs over control which indicates that the foliar spraying could be used as an effective
way to deliver nutrients to plants. These nanoparticles also produced 81.9% more tomato
fruit (by weight) than the control at 66 days after the seeding of tomato [63]. Tomato plants
that were treated with hexagonal morphology and superficially modified ZnO-NPs had
significantly enhanced plant height, stem diameter, and plant organs (leaves, stem, and
root) dry weights [64].

The results from a group of researchers revealed that foliar spraying of ZnO-NPs
significantly increased shoot length (SL) and root length (RL), biomass, leaf area, chloro-
phyll content, and photosynthetic attributes of tomato plants in the presence of salt stress.
Moreover, the application of ZnO-NPs mitigated the negative impacts of salt stress on
tomato growth and enhanced protein content under salt stress. Therefore, ZnO-NPs may
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be used to enhance the growth performance and mitigate the unfavorable effects of NaCl
in the tomato plant [65].

There are also several effects of ZnO-NPs on other crops. Many studies have shown
that ZnO-NPs can improve plant growth and development in peanut and onion but that
ZnO-NPs have an advantageous effect on seed germination at low ZnO concentration [66,67].
Thunugunta et al. [68] discovered that ZnO-NPs had no toxic impact on plant growth charac-
teristics in the soil medium but rather increased plant growth of eggplant. They also found
that shoot length, leaf length, and leaf width, along with plant mass was shown to be a little
bit responsive at a lower concentration of ZnO-NPs, 5 mg kg ~!. However, these specifications
improved with increasing ZnO-NPs concentrations up to 15 mg kg ~! and then declined with
subsequent applications of further ZnO-NPs, such as20 and 100 mg kg !

The results of tomato plants after applying similar doses of nano fertilizers and regular
fertilizers are presented in the following table (Table 2).

Table 2. Comparing the results of nanofertilizers and regular fertilizers when applying similar doses of nutrients.

Doses Impact of Nano Fertilizer Impact of Regular Fertilizer References
The increased root and shoot length,
20 ppzl?l éZ_II\IISPOS;} and shoot dry matter, number of fruit Enlarged length of the root [36,51]
per plant, chlorophyll content
Enhanced photosynthetic attributes  Increased plant height, dry matter
100 ppm (ZnSO4 and and non-enzymatic antioxidants, yield, number of fruits per plant, [52,53,55,69,70]
ZnO-NPs) increased sucrose, starch, and individual fruit weight, pericarp e
glucose thickness, chlorophyll content
250 ppm (ZnSOy4 and o Increased plant growth, number of
ZnO-NPs) Increased fruit yield by 81.9 percent leaves, fruit per plant [54,63]
350-400 ppm (ZnSO, and Increased germination and seedling . .
ZnO-NPs) vigor indexsignificantly Highest plant height [48,61]

7. Impact of Zinc Sulfate Fertilizer on Tomato Crops’ Nutritional Quality

Crops require nutrients in order to grow and produce at a high level. Fertilizers
and micronutrients help crop nutrition by identifying crops that are well-adapted to low
soil fertility or are particularly efficient at utilizing nutrients. Improved crop nutrient
management can boost macro- and micronutrient bioavailability in crops and grains, which
is essential for optimal crop growth and yield quantity and quality. Essential nutrients,
along with water, sunshine, and favorable soil conditions, are important for improving
crop production and plant resistance to climate change [71].

Singh et al. [39] obtained the maximum numbers of fruit per cluster (28.22, 30.33,
and 32.80), percentage of fruit set (57.84%, 77.78%, and 85.76%), average fruit weight
(14.87 g), numberof fruit per plant (244.15), fruit yield per plant (4.98 kg), the yield of
fruits (4.98 t/ha), higher TSS (13.1 °Brix), vitamin C (14.10 mg/100 g fruit pulp) with the
combined treatment of B (2.0 g/L) and Zn (2.0 g/L). It was observed from the experiment
of Ejaz et al. [72] that the foliar application of Zn (6%), B (5%), and N (2%), individually,
showed better results over the control group, but the total soluble solids (TSS), titratable
acidity, and vitamin C content presented extraordinary results in the case of their combined
approach (i.e., Zn = 6%, B = 5%, N = 2%).

Gurmani and colleagues [45] noticed that the application of Zn (10-15 mg kg 1)
considerably enhanced superoxide dismutase and peroxidase catalase activity in fruits of
tomato. Meena et al. [73] observed significant results in the quality parameters of tomatoes.
They found thatthe maximum pericarp thickness, ascorbic acid content, percentage of total
sugar, and reducing sugar andnon-reducing sugar were recorded by the application of
100 ppm zinc along with boron.

In 2017, Chand and Prasad [74] documented the maximum diameter and dry matter
of fruits after the application of B, ZnSOy4, and CuSOy at 100 ppm level as compared to the
control as well as other treatments. The TSS in tomato fruits were maximum (5.82 °Brix and
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5.54 °Brix) under a combined spray of 250 ppm of B, Zn, and Cu. The maximum increase
in the ascorbic acid content of tomato fruits (25.29 mg100~! g and 24.41 mg100~! g) was
recorded with the application of Zn, B, and Cu at 250 ppm, which has accounted for a
62.39% increase (14.45 mgl100~! g and 13.78 mg100~! g) compared to the control.

The highest TSS (5.87 °Brix), fruit firmness (3.66 kg cm~2), titratable acidity (4%),
pH (2.61%), and fruit lycopene content (2.25 mgl00~! g) were observed when tomato
plants were treated with a combined foliar spray consisting of Zn (100 mg L~!) and Fe
(200 mg L~1) [52]. Swetha et al. [75] discovered that the combination of different micronu-
trients was influenced the quality parameters of tomatoes. The maximum TSS (5.03 °Brix)
juiciness of tomato (31.24%), acidity (1.06%), and ascorbic acid (26.67 mg/100 g of fruit juice)
were found by the application of zinc sulfate @ 500 ppm along with boron, iron, and copper.
Salam and colleagues [76] presented that the combined application of B, Zn, and cow
dung at 2.5 kgha~!,6 kg ha~!, and 20 t ha™!, respectively, could achieve improved pulp
weight (90.24%), dry matter content (5.82%), amount of lycopene (147 ug100~! g), ascorbic
acid (11.2 mg100~! g), chlorophyll-a (42.0 ug100~! g), chlorophyll-b (61.0 ngl00~! g), B
(36 ugg 1), Zn (51 ugg 1) as well as an increased amount of saleable fruits at 30 days after
storage (74%) and better shelf-life (17 days).

Similarly, zinc sulfate fertilizer has a significant impact on the nutritional quality of
other crops. The application of ZnSOy can also increase the TSS level in guava fruit [77].
Additionally, Singh and co-workers reported that the weight and number of the raceme,
TSS, and the juice content of grapevine were increased with the application of ZnSOy [78].
When a Zn (0.8%) and B (0.8%) mixture was applied on the Cape Goose Berry tree, fruit
quality was improved by increased acidity, TSS, ascorbic acid content compared to the
control [79].

It was found in one of the experiments by Kazemi and co-workers [80] that different
applied treatments significantly corresponded to higher vegetative growth and fruit quality
in cucumber plants. According to the findings, Zn (50 mg L~!) and Fe (100 mg L™1)
increased chlorophyll content and yield. The effect of Zn and Fe was positive, with major
increases in fruit quality, at 50 mg L' and 100 mg L~ of Zn and Fe, respectively.

8. Effect of ZnO-NPs on the Nutritional Quality of Tomato

ZnO-NPs have potential effects on promoting agricultural productivity. The effect of
NPs on crops varies with the species and age as well as doses and characteristics of the
NPs. ZnO-NPs lessened the effects of NaCl by the accumulation of superoxide dismutase
(SOD)and glutathioneperoxidase(GPX) in tissues of tomatoes, and a lower concentration
(15mg L~1) is more effective than a higher concentration (30 mg L) for tomato plants [81].
Wang and colleagues [12] also demonstrated in their experiment that ZnO-NPs boosts the
antioxidant activities of enzymes and the transcriptions process of relevant genes, and
these NPs only had a toxic effect on tomato plants at higher concentrations (e.g., 400 and
800 mgdm~3) but at low concentrations (upto 200 mgdm —3) there was no detrimental effect
on plant growth.

The foliar spraying of ZnO-NPs gave a significant response in the case of nutritional
quality parameters of tomato. The maximum activity of catalase (60%), peroxidase (74%),
and superoxide dismutase (55%) were recorded in the plant to which 50 ppm of ZnO-NPs
was applied. On the other hand, fruits grown from ZnO-NPs treated plants had a higher
content of lycopene and S-carotene as compared to control plants. The maximum results
were also found in the case of lycopene (23%) and B-carotene (25%) content with treatment
at 50 ppm ZnO-NPs [36]. The total soluble solids were increased by 26.92% with the
application of phytonanoparticles at 50 ppm over control [82]. The maximum activity of
different enzymes was noted in the plants treated with ZnO-NPs at 8 mg L~! for 30 min.
The activity of CAT increased by 69.7%, POX by 65.0%, and SOD by 80% compared with
the control plants [83].

A group of researchers investigated the effects of ZnO-NPs on tomato growth indices
and antioxidant defense system activity under tomato mosaic tobamovirus (ToMV) stress.
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The application with 100 ppm ZnO-NPs showed remarkably increased growth indices,
photosynthetic attributes, and enzymatic and non-enzymatic antioxidants, which may
be a hopeful strategy to overcome ToMV infections [69]. Lycopene, an antioxidant, is an
important nutritional parameter in tomato fruits. The lycopene content was increased by
113.1% in fruits obtained from plants treated with 100 ppm ZnO nanoparticles by foliar
application [63]. The application of ZnO-NPs mitigates the negative impacts of salt stress
on tomato growth and enhances protein content and antioxidative enzyme activity, such as
peroxidase (POX), superoxide dismutase (SOD), and catalase (CAT) under salt stress [66].

Foliar spraying with ZnO-NPs @ 100 ppm increased the levels of sucrose, starch, and
glucose in tomato plants [70].

ZnO-NPs has a significant influence another crops. It was reported that the application
of zinc nano fertilizerenhances enzyme activities of acid phosphatase (76.9%), alkalinephos-
phatase (61.7%), phytase (322.2%), and dehydrogenase (21%) were observed over control.
These phosphorous mobilizing enzymes assist in the mobilization of native phosphorous
existing in the rhizosphere in the complex form with calcium, iron, or aluminum [84].
Compared to control, the electrolyte leakage (EL) was reduced in both shoots and roots
with the application of ZnO-NPs than control in wheat [11]. Nanoparticles had significantly
enhanced the superoxide dismutase (SOD) and peroxidase (POD)activities in wheat leaves.
With the application of 100 mg L~! ZnO-NPs, the SOD and POD activities increased by
47% and 50%, respectively, over the control [85]. The seed treatment and Zn-source concen-
tration significantly affected the plant quality parameters of the fodder maize crop. The
application of ZnO-NPs (at 40 mg L~! concentration) exhibited significantly higher neutral
detergent fiber (NDF) and cellulose content as compared to control [86].

The impact of fertilizers on tomatoes and other crops is mentioned in the following
Table 3.

Table 3. Impact of fertilizers on tomato production.

. . Time of Exposure
Fertilizer Used Concentration Application Methodology Impact References
40, 50, and 60 days after . .
ZnSOy 350 ppm transplanting (DAT) Foliar spray Increased plant height [13]
ZnSOy 2000 ppm 15 and 21 DAT Foliar spray Increased quantity of fruits [17]
Pre flowering and fruit .
ZnSOy 5000 ppm setting stage Foliar spray Increased leaf area [44]
ZnSQOy 10 ppm Before transplanting Soil media Enhanced fruit yield [45]
Pre flowering and fruit . Maximum number of )
ZnS0Oy 1250 ppm setting stage Foliar spray leaves /plant [46]
Pre flowering and fruit . . )
ZnSOy 4000 ppm setting stage Foliar spray Improved number of fruits [48]
30 DAT and fruit became . . .
ZnSOy4 100 ppm berry sized Foliar spray Maximum plant height [52]
. Enhanced growth of plant
ZnSOy 100 ppm 30, 40, and 50 DAT Foliar spray and fruit yield [53]
. Enhanced the dry matter
ZnSOy 100 ppm 40, 50, and 60 DAT Foliar spray yield of plant [55]
Increased significant
ZnO-NPs 400 ppm 30 days after sowing(DAS) Foliar spray Seedling vigor [61]
Index
Rhizosphere area of the Enhanced early flowerin
ZnO-NPs 40 ppm plant in pots by injection Foliar spray anced early FOWEHng [63]
. and plant growth
(20 mL) twice a week
ZnO-NPs 250 ppm 14th day of plant growth Foliar spray Increased fruit weight [64]
Mitigated the
ZnO-NPs 100 ppm 25 and 35 DAT Foliar spray negative impact of salt [66]
stress

9. Conclusions

According to the data presented above, it has been confirmed that there is a notable
positive trend toward the commercialization of a new Zn and ZnO-NPs foliage fertilizer on
tomato production. The foliar application of Zn has a vast influence on the tomato plant.
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The maximum numbers of fruit per cluster, percentage of fruit set, individual fruit weight,
the quantity of fruit per plant, fruit yield per plant, chlorophyll content, higher TSS, vitamin
C, and lycopene content were observed after the application of Zn spray. For optimizing
crop activities to foliage nutrient sprays, more studies on foliar fertilization of tomato crops
must be conducted in the coming future. Such types of experiments may incorporate the
foliar application of Zn fertilizer as an effective tool and create environmentally friendly
tomato production. On the other hand, nanotechnology also contributes to enhancing
crop yields by improving fertilizer use efficiencies. The NPs articulate their distinctive
features by being smaller, having highly defined outside areas, potential surface energy,
and high solubility. Due to these unique properties, plant uptake is increased. Therefore,
nanotechnology can be used in agriculture to supply agrochemicals quickly to the site of
exploitation with only slight depletion. Due to their diverse properties, functionalities, and
applications, NPs are one of the most multipurpose materials. Application of ZnO-NPs
to crops can stimulate their growth, yield, and quality. Nutriment demand in food is
increasing progressively, but the yield of tomato crops is gradually declining. Therefore,
to achieve food demand and improve food quality, it is essential to become familiar with
foliar application of Zn nutrient and ZnO-NPs for sustainable agriculture.
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