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Abstract

A field experiment was conducted during the rabi 2020-21 and 2021-22 at Professor Jayashankar Telangana Agricultural University,
Telangana, India to evaluate the effect of foliar applications of nano calcium oxide (Ca0), nano zinc oxide (ZnO) and nano boron (B)
individually and in combination on tomato cv. US-440. A total of 19 treatments were tested in a randomised block design (RBD) with
3replications. Foliar sprays were applied at 30 and 45 days after transplanting (DAT). The combined application of nano CaO (600 ppm) + nano
Zn0O (1000 ppm) + nano B (400 ppm) (T-) significantly improved fruit quality by increasing ascorbic acid (26.41 mg 100 g?) and titratable acidity
(0.51 %), while reducing TSS (3.59 °Brix), total sugars (2.70 %), reducing sugars (2.23 %) and lycopene (5.16 mg 100 g?). T+ also recorded the
highest leaf concentrations of calcium (Ca) (1.89 %), zinc (Zn) (38.20 ppm) and B (42.43 ppm) and the highest fruit Zn content (65.79 ppm),
whereas nano CaO (600 ppm) + nano ZnO (750 ppm) + nano B (400 ppm) (Ts) recorded maximum fruit Ca (0.85 %) and B (44.17 ppm).
Additionally, T minimised blossom end rot (2.93 %) and fruit cracking (3.03 %). The superior performance of nanonutrients was attributed to
their greater surface area, enhanced absorption efficiency and targeted nutrient delivery. The findings demonstrate the potential of combined
nano Ca0, nano ZnO and nano B application to improve tomato fruit quality and nutrient use efficiency under field conditions.

Keywords: foliar nutrition; fruit quality; nano boron; nano Ca0; nano ZnO; nutrient uptake; tomato

Introduction agricultural soils reported to be deficient in available B (2). These
widespread deficiencies highlight the need for efficient nutrient

Tomato (Solanum lycopersicum L.)is one of the most economically management strategies to ensure sustainable tomato production.

important vegetable crops grown worldwide, valued for its high
nutritional composition, including vitamin C, lycopene, 3-carotene,
potassium (K) and calcium (Ca). It supplies approximately 13.7 mg
vitamin C, 0.27 mg iron (Fe), 10 mg Ca, 24 mg phosphorus (P), along
with 2570 pg lycopene per 100 g of fresh fruit (1).

Conventional fertilisation practices often suffer from low
nutrient-use efficiency because of fixation, leaching and uneven
nutrient availability. These limitations necessitate the development
of alternative nutrient delivery systems capable of improving
nutrient uptake while reducing fertiliser inputs and environmental

Calcium, a secondary macronutrient, plays a pivotal role in - |yccas (3).

the growth and development of tomato plants, from vegetative to
flowering, fruiting, harvesting and post-harvest stages; its deficiency
in tomato results in blossom end rot, a physiological disorder that
significantly reduces marketable yield and fruit quality. Among the
micronutrients, boron (B) and zinc (Zn) play important roles in
improving the yield and quality of tomatoes in addition to preventing
various diseases and physiological disorders. Micronutrient
deficiencies in crop plants have become a major constraint to both
productivity and product quality. Approximately 39 % of Indian
agricultural soils are deficient in available Zn, making Zn the most
widespread micronutrient deficiency affecting crop production in
India (2). Boron is the second most widespread micronutrient
constraint in crops globally, with approximately 23.2 % of Indian

Nanotechnology offers a promising approach to nutrient
management in crop production. Nano fertilisers, with particle sizes
ranging from 1-100 nm, possess unique physicochemical properties
including high surface-area-to-volume ratios, high reactivity and
superior ability to penetrate biological membranes compared to
their bulk counterparts (4). These characteristics confer greater
nutrient use efficiency, targeted delivery, reduced environmental
contamination and prolonged efficacy. Nano CaO, nano ZnO and
nano B were selected for this study because these nanoformulations
have been reported to improve nutrient-use efficiency through
enhanced foliar absorption, greater surface area and controlled
nutrient release compared with conventionalfertilisers.
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Previous studies have demonstrated the beneficial effects
of nano-nutrients on tomato production (5). The foliar application
of nano ZnO improved Zn uptake, marketable yield, total soluble
solids and vitamin C content in tomato. Similarly, significant
improvements in plant growth, fruit yield and nutrient uptake
following foliar application of ZnO nanoparticles (6). The nano B
enhanced important fruit quality attributes, including total soluble
solids, lycopene and sugar content in tomato (7). Furthermore, the
calcium phosphate-based nanoparticles enriched with Zn
increased tomato yield and enhanced Ca and Zn accumulation in
fruits (8). These findings collectively indicate the considerable
potential of nanonutrient based fertilisation to enhance tomato
productivity and fruit quality. Most previous studies have focused
on the individual effects of specific nanonutrients; comprehensive
field-level studies evaluating the combined effect of these three
nanonutrients on fruit quality parameters and nutrient uptake in
tomato under diverse seasonal conditions are limited. Therefore,
the present study was undertaken to evaluate the individual and
combined effects of foliar-applied nano Ca0, nano ZnO and nano B
on fruit quality attributes, nutrient uptake and physiological
disorder incidence in tomato under field conditions.

Materials and Methods
Experimental site and design

The field experiment was conducted during the rabi seasons of
2020-21 (transplanting on 02-11-2020) and 2021-22 (transplanting
on 23-10-2021) at Agricultural College, Palem, Professor
Jayashankar Telangana Agricultural University, located at 17°06' N
latitude, 78°41' E longitude and at an altitude of 300 m above mean
sea level, in Telangana, India. The experiment was laid out in a
randomised block design (RBD) with 19 treatments and
3 replications. Each plot measured 4.8 x 4.9 m and accommaodated
66 plants, which were planted at a spacing of 120 x45 cm.

Prior to the preparatory cultivation of the experimental site,
soil samples from 0-15 cm depth were collected at random and a
composite soil sample was analysed for different physical, physico-
chemical, chemical and biological properties by following standard
methods. The soil of the experimental site was red soil in texture
with a soil pH of 7.21 and electrical conductivity (EC) of 0.23 dSm™.
The organic carbon content is 0.42 % . The availability of nitrogen
(N), P and K is 165.67, 63.32 and 320.24 kg ha™ respectively. The
availability of Ca is 0.7 meq100 g, Zn is 0.4 mg kg' and B is
0.43mg kg*soil.

During the period from 22-10-2021 to 25-02-2022 of
experimentation the mean minimum and maximum temperature
is ranged from 18.68-0.69 °C. The range of relative humidity at
0714 hr was 80-95 % and 1414 hr was 30-70 %. There was total
rainfall of 174.9 mm.

Nanonutrient preparation and characterisation

All the nanonutrients used in this study were obtained from the
Nanotechnology laboratory of the Institute of Frontier Technology
(IFT), Regional Agricultural Research Station, Tirupati, Acharya N G
Ranga Agricultural ~ University, Andhra Pradesh. Their
physicochemical characterisation was carried out by high-resolution
transmission electron microscopy (HR-TEM) at a 0.2 um scale at the
Indian Institute of Technology (IIT), Roorkee.

Synthesis and characterisation of nano CaO

Nano CaO was synthesised by the solgel method using 1 %
calcium nitrate tetrahydrate and 0.05 % sodium citrate tribasic
dihydrate. The reaction mixture was stirred at 60 °C for 3 hr, filtered
through Whatman No. 1 filter paper and dried at 100 °C for 6 hr (9).
High-resolution transmission electron microscopy (HR-TEM)
analysis (JEOL 2010F, 200 kV) revealed predominantly spherical,
slightly agglomerated nanoparticles with an average particle size of
30 nm. The zeta potential of nano CaO was-28.2 mV.

Synthesis and characterisation of nano ZnO

Nano ZnO was synthesised by the oxalate decomposition (sol-gel)
method using 0.2 M zinc acetate and 0.2 M oxalic acid. The zinc
oxalate precipitate was washed, dried and calcined at 500 °C for
45 min (9). The HR-TEM (JEOL 3010) showed slightly aggregated
Zn0 nanoparticles with an average particle size of 25 nm.

Synthesis and characterisation of nano boron

Nano B was prepared by the encapsulation method using 152 g
borax, 0.1 g nano Zn and gum acacia as a binding agent. The
precipitate was washed, air-dried and calcined at 500 °C for 45 min (9).
The HR-TEM analysis revealed spherical, crystalline nanoparticles with
slight agglomeration due to the absence of surface-protecting ligands.

Treatments

The optimum concentrations of nano Ca0, nano ZnO and nano B
were determined through prior phytotoxicity studies conducted in
polybag experiments during kharif 2020. Concentrations were
selected based on preliminary phytotoxicity experiments in which
no visible injury symptoms were observed. Based on those results,
19 treatments were selected for evaluation under field conditions
(Table 1). These treatments comprised foliar application of both
nano and conventional sources of Ca, Zn and B. Nano CaO was
applied at 500 and 600 ppm, nano ZnO at 750 and 1000 ppm and
nano B at 300 and 400 ppm, either individually or in different
combinations. Conventional nutrient sources, namely calcium
nitrate at 2 g L%, zinc sulphate at 5 g L* and B (disodium octaborate
tetrahydrate) at 1 g L, were also included as individual treatments
as well as in combination. An untreated control without Ca, Zn and
B application was maintained for comparison.

Foliar sprays were applied at 30 and 45 days after
transplanting (DAT) in all treatments except the control. The
volume of spray fluid was 500 mL ha. The recommended dose of
fertilisers (RDF: 150: 60 : 60 kg NPK ha?) was applied uniformly to all
plots as the basal nutrient schedule. Nitrogen was applied as urea
(46 % N) in three equal splits at 30, 45 and 60 DAT; P was supplied as
diammonium phosphate (18 % N and 46 % P,0s) and Kwas applied
as muriate of potash (60 % K;0); both were applied basally at the
time of planting.

Crop husbandry

Seeds of tomato cv. US-440 were sown in protrays at a seed rate of
175-200 g ha™. Healthy and uniform seedlings (measuring
10-15 cm in height and bearing 3-4 leaves) were transplanted into
the main field at 23 days after sowing. Weed management
consisted of a pre-emergence application of pendimethalin at 1 kg
active ingredient ha, followed by hand weeding at 25-30 and
55-60 DAT. Irrigation was scheduled based on crop need using the
plant indicator approach. Fruits were harvested at the redripe
stage, while two border rows on either side of each plot were
excluded as guard plants to avoid border effects.
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Table 1. Treatment details for field experiment

Treatment Description

T. Foliar spraying with nano CaO 600 ppm

T. Foliar spraying with nano Ca0O 500 ppm

Ts Foliar spraying with nano ZnO 1000 ppm

Ta Foliar spraying with nano ZnO 750 ppm

Ts Foliar spraying with nano B 400 ppm

Te Foliar spraying with nano B 300 ppm

T: Foliar spraying with nano CaO 600 ppm + nano ZnO 1000 ppm + nano B 400 ppm
Ts Foliar spraying with nano CaO 600 ppm + nano ZnO 750 ppm + nano B 400 ppm
To Foliar spraying with nano CaO 600 ppm + nano ZnO 1000 ppm + nano B300 ppm
Tw Foliar spraying with nano CaO 600 ppm + nano ZnO 750 ppm + nano B 300 ppm
Tu Foliar spraying with nano Ca0O 500 ppm + nano ZnO 1000 ppm + nano B 400 ppm
T Foliar spraying with nano Ca0O 500 ppm + nano ZnO 1000 ppm + nano B 300 ppm
T Foliar spraying with nano CaO 500 ppm + nano ZnO 750 ppm + nano B 400 ppm
Tu Foliar spraying with nano CaO 500 ppm + nano ZnO 750 ppm + nano B 300 ppm
Tis Foliar spraying with ZnSO,at5g L

T Foliar spraying with CaNOsat2 g L*

Tur Foliar sprayingwithBat1gL*

Tis Foliar spraying with ZnSOsat5gL*+CaNOsat2gL*+BatlglL™*

Tw Control (without Zn, Ca and B application)

Zn: zinc; Ca: calcium; B: boron; CaO: calcium oxide; ZnO: zinc oxide; ZnSO4: zinc sulphate; CaNOs: calcium nitrate.

Observations recorded
Fruit quality parameters

For fruit quality assessment, three healthy, uniform-sized fruits at
the red-ripe stage fruits were collected from each of five randomly
tagged plants in each of the 3 replications during the third harvest,
resulting in a total of 45 fruits (3 fruits x 5 plants x 3 replications).
Fruit quality parameters were assessed using standard analytical
procedures. Total soluble solids (TSS) content was measured witha
hand refractometer and expressed in °Brix. Fruit pH was measured
using a digital pH meter (Elico LI 610). Ascorbic acid content was
estimated by the standard 2,6-dichlorophenolindophenol (DCPIP)
titrimetric method (10) and expressed as mg 100 g* fresh weight.
Titratable acidity was determined by titration against sodium
hydroxide (NaOH) using phenolphthalein as an indicator and
expressed as percentage (10).

Total and reducing sugars were estimated using the
Fehling’s solution titration method and expressed as percentage,
while non-reducing sugars were calculated as the difference
between total sugars and reducing sugars. Lycopene content was
estimated by using spectrophotometric method and expressed as
milligram per 100 gram (mg 100g*) (11).

Physiological disorders

The incidence of blossom end rot and fruit cracking was recorded at
each harvest and expressed as the percentage of affected fruits per
plot.

Blossom end rot incidence (%) =

Number of fruits affected by blossom end rot

x 100
Total number of fruits harvested
Fruit cracking incidence (%) =
Number of cracked fruits
x 100

Total number of fruits harvested

Nutrient content in leaves and fruits

Leaf samples were collected at 30, 60, 90 and 120 DAT for nutrient
analysis. At the final harvest, the most recently fully expanded
leaves (4"-6" leaf from the shoot apex) were collected from five
randomly selected plants per plot, with two leaves collected from
each plant to obtain a composite sample for each replication.

Estimation of calcium (Ca) and zinc (Zn): Representative tomato
leaf and fruit samples were collected from each treatment, washed
with tap water followed by 0.1 N HCl and deionised water, oven-
dried at 65-70 °C until constant weight and ground into a fine
powder. A 0.5 g sample was digested using the nitric acid-perchloric
acid wet digestion method with concentrated HNO;-HCIO,
(10 : 4 mL). The digest was diluted to 50 mL with deionised water.
Calcium and Zn concentrations were determined by atomic
absorption spectrophotometric (AAS) method according to AOAC
International, 2019, with Zn measured at a wavelength of 213.9 nm
(12). Calcium content was expressed as percentage (%) dry weight,
while Zn content was expressed as milligram per kilogram (mg kg!)
dry weight.

Estimation of boron: Representative tomato leaf and fruit samples
were collected, washed, oven-dried at 65-70 °C and ground into a
fine powder. A0.5 g sample was dry-ashed at 500-550 °C and the ash
was dissolved in 036 N H,SO, and diluted to 50 mL. Boron
concentration was determined by the Azomethine-H colorimetric
method using a UV-Visible spectrophotometer at 420 nm as
described by a Handbook of Reference Methods for Plant Analysis
and expressed as milligram per kilogram (mg kg?) dry weight (13).

Statistical analysis

The data were statistically analysed using the analysis of variance
(ANOVA) technique appropriate for a RBD. The significance of
treatment effects was tested using the F-test at the 5 % level of
probability and wherever treatment effects were found to be
significant, the critical difference (CD) was calculated at the 5 % level
for comparison of means, while non-significant differences are
indicated as NS. To enable comparison of parameters measured on
different scales, selected variables were normalised using a min-max
scaling approach, whereby values were rescaled between 0 and 1
based on the observed minimum and maximum values across all
treatments. For parameters where lower values indicate better
performance, such as TSS, blossom end rot (BER) and fruit cracking,
the normalised values were inverted to ensure uniform
interpretation. The normalised dataset was subsequently used to
generate  comparative visualisations, including combined
performance plots and radar charts, wherein higher normalised
values consistently represent superior treatment performance (14).
All graphical visualisations were generated using Python (Jupyter
Notebook environment).
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Results and Discussion
Fruit quality parameters

The data pertaining to fruit quality parameters, viz, TSS, pH,
ascorbic acid, titratable acidity, total sugars, reducing sugars, non-
reducing sugars and lycopene content as influenced by individual
and combination foliar application of nano Ca0, nano ZnO and
nano B are presented in Table 2 and graphically illustrated in Fig. 1.

Total soluble solids (TSS)

Total soluble solids of fruit are a major quality parameter related to
the fruit texture and composition. The TSS in tomato fruits consist
mainly of soluble sugars, predominantly glucose and fructose,
along with organic acids, which collectively determine fruit
sweetness and overall flavour (15). During ripening, polysaccharides
degradeto simple sugars resultingin arise in TSS.

Total soluble solids is an important quality indicator that
reflects the sugar and other soluble solid content of fruit. The lowest
pooled TSS (3.59 °Brix) was recorded in T+ (nano CaO 600 ppm +

nano ZnO 1000 ppm + nano B 400 ppm), which was statistically on
par with Te-Tw. In contrast, the significantly highest TSS
(4.69 °Brix) was recorded in the untreated control.

The reduction in TSS with combined nanonutrient
treatments may be attributed to reduced metabolic activity and
respiration, which delayed the ripening process. Lower respiration
rate results in less conversion of carbohydrates into sugars, thereby
resulting in reduced TSS in fruits (16). Boron deficiency is often
associated with impaired Ca utilisation, leading to a combined
deficiency of both nutrients. Such deficiencies tend to accelerate
fruit ripening. Consequently, untreated fruits, being more prone to
these deficiencies, exhibit faster ripening and higher sugar
accumulation, resulting in elevated TSS compared to treated fruits.
These results agree with the findings in cherry tomato (17).

The combined nanonutrients treatment also increased the
number of fruits per plant, average fruit weight and fruit yield by
15.98, 19.38 and 38.79 % respectively over the control. These
improvements indicate that the foliar application of nanonutrients

Table 2. Effect of foliar spraying of nano CaO, ZnO and boron on quality parameters of tomato fruits (pooled data)

om: Ascorbic acid Titratable Totalsugars Reducingsugars Non-reducing sugars Lycopene
Treatment  TSS(*Brix) pH " 0400g1)  acidity (%) (%) o) %) B g 100 g4)
T: 3.93 4.55 24.67 0.39 3.33 2.91 0.42 6.16
T2 3.98 4.50 24.63 0.39 3.46 2.96 0.50 6.18
T3 4.09 4.55 23.33 0.36 3.63 3.13 0.48 6.28
Ts 4.08 4.53 23.41 0.35 3.68 3.16 0.52 6.32
Ts 4.01 4.55 24.49 0.38 3.50 3.06 0.44 6.22
Te 4.06 4.54 24.36 0.38 3.56 3.07 0.49 6.25
T2 3.59 4.61 26.41 0.51 2.70 2.23 0.47 5.16
Ts 3.62 4.50 26.28 0.51 2.75 2.26 0.49 5.18
T 3.65 4.49 26.02 0.49 2.87 2.31 0.56 5.23
Two 3.75 4.52 25.82 0.50 3.03 2.40 0.63 5.32
Tu 3.68 4.59 25.93 0.48 2.94 2.35 0.59 5.28
Ti 3.78 4,51 25.52 0.46 3.09 2.40 0.69 541
Tis 3.80 4.45 25.44 0.46 3.12 2.43 0.69 5.48
Tia 3.79 4.48 25.37 0.46 3.21 2.55 0.67 5.59
Tis 4.48 4.54 20.02 0.31 3.71 3.26 0.45 6.13
Tie 4.29 4.53 21.42 0.33 3.68 3.19 0.49 6.03
Tar 4.32 4.47 21.31 0.32 3.70 3.24 0.46 6.12
Tis 3.89 4.50 25.32 0.42 3.29 2.68 0.60 5.63
T 4.69 4.57 18.32 0.27 3.76 3.50 0.25 6.45
CD (p =0.05) 0.25 NS 1.47 0.05 0.42 0.21 0.08 0.38

(]

% swgars / mg lycopene 100g-7)

Valwe [“Brix |

) | TitrAcdity =50 | pH x4

hacosbic Aok (mg 100g

T ¥ T v v i
1 12 5] T4 1S5 (1 ™ 8 1]

== TE5 (*Brix)

ke Reduecing Sugars (%)
& Toral Sugars (%) 2

ars (%)
Mo reducing Sugars (%)

Treatment

Fig. 1. Effect of foliar application of nano CaO, nano ZnO and nano boron (individually and in combinations) on fruit quality parameters of
tomato (Solanum lycopersicum L.) cv. US-440-total soluble solids (TSS), pH, ascorbic acid, titratable acidity, total sugars, reducing sugars, non-
reducing sugars and lycopene content (pooled data, rabi 2020-21 and 2021-22).
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promoted greater assimilate production and fruit development.
However, the increased fruit size and higher moisture content likely
diluted the concentration of soluble sugars in the fruit juice,
resulting in lower TSS values. Although the control recorded higher
TSS, the combined nano CaO + nano ZnO + nano B treatment
resulted in superior overall fruit quality by improving yield, firmness,
shelf life and mineral nutritional quality. The lower TSS in the
treated fruits can be considered a consequence of increased fruit
biomass production and dilution effect (18).

pH
Foliar application of individual and combined nano CaO, nano ZnO

and nano B treatments did not result in significant differences in
fruit pH.

Ascorbic acid content

The significantly highest pooled ascorbic acid content (26.41 mg
100 g') was recorded in T7 (nano CaO 600 ppm + nano ZnO
1000 ppm + nano B 400 ppm), followed by Ts, Ts, Tio, T and Ty,
which were statistically at par with T-. The significantly lowest
ascorbic acid content (18.32 mg 100 g?) was recorded in the
untreated control.

The increase in ascorbic acid content under combined
nanonutrient treatments may be attributed to the beneficial role of
each nutrient. Nano CaO delays metabolic activities including
respiration rate and ethylene production, thereby helping to
preserve ascorbic acid. Nano ZnO application may enhance ascorbic
acid accumulation by improving Zn-mediated metabolic processes,
photosynthetic activity and antioxidant defence mechanisms, which
can promote precursor availability and regulate enzymes involved in
ascorbic acid biosynthesis. While nano B promotes Ca absorption,
strengthens membrane integrity and slows degradation of ascorbic
acid during ripening. The combined application of nanonutrients
was more effective than their individual nanonutrient application
and the present observations are consistent with the findings in
tomato (19) and in chilli (20).

Titratable acidity

Titratable acidity is an important maturity index and it represents the
sum of all fixed and volatile acids present in the fruit. Significantly
highest pooled titratable acidity (0.51 %) was recorded with T; which
was statistically at par with Ts. In contrast, the significantly lowest
acidity (0.27 %) was observed in untreated control.

The higher titratable acidity under nanonutrient treatments
attributed to the role of nano Ca0 in delaying fruit ripening and
reducing the respiration rate, which in turn minimises the hydrolysis
of organic acids during storage and ripening (21). Nano ZnO
influences titratable acidity through its role in carbohydrate
metabolism and enzyme synthesis. Nano B increases the titratable
acidity by promoting Ca absorption. These results are in agreement
with findings in tomato (19, 22) and in cherry tomato (17).

Sugars (total, reducing and non-reducing)

Sugar accumulation is closely associated with fruit ripening and
contributes substantially to tomato flavour and consumer
acceptance. Reduced sugar accumulation likely reflects delayed
ripening induced by nanonutrient treatments. To prolong shelf life,
it is desirable to maintain sugars at a minimum level. An increase in
sugars with ripening might be due to the metabolic breakdown of
polysaccharides into water-soluble sugars and organic acids into
carbon dioxide (23).

Minimum pooled total sugars (2.70 %) and reducing sugars
(2.23 %) were recorded with T+, which was at par with Ts, Ts, Tuo, Tu,
T2 and Tu. In contrast, significantly higher total sugars (3.76 %) and
reducing sugars (3.50 %) were recorded with the control.

The combination of nano CaO, nano ZnO and nano B
reduced sugar accumulation by retarding carbohydrate hydrolysis
and overall metabolic activity in fruits. Nano CaO reduces the
activity of polysaccharide hydrolysing enzymes, thereby lowering
respiration and sugar conversion during ripening (17, 10). Nano B
influenced total sugars and reducing sugars by affecting
carbohydrate metabolism. Non-reducing sugars were significantly
highest (0.69 %) in Ty, and Tis, whereas the lowest (0.25 %) was
observed with the control. These results are consistent with findings
in strawberry (24) and tomato (25).

Lycopene content

Significantly lowest lycopene content (5.16 mg 100 g*) was recorded
with T, which was at par with Ts to Tis, while significantly highest
lycopene content (6.45 mg 100 g*) was recorded with the control.

The lower lycopene accumulation observed in nanonutrient
-treated fruits is attributed to delayed ripening and altered assimilate
partitioning. Calcium and B are known to influence the ethylene-
mediated ripening process, thereby slowing lycopene biosynthesis
during fruit maturation (26). Although lower lycopene at harvest
indicates delayed ripening, the extended shelf life associated with
treated fruits provides a clear commercial advantage.

Lycopene accumulation in tomato is a dynamic process
influenced by fruit developmental stage, ripening rate, temperature,
light intensity and carbohydrate availability. The improved nutritional
status due to nanonutrient application promoted rapid cell division,
fruit expansion and biomass accumulation, resulting in a greater sink
size. Consequently, assimilates preferentially utilised for structural
growth and fruit enlargement rather than for the synthesis of
secondary metabolites such as lycopene.

Furthermore, Ca maintains cell wall integrity, stabilises cell
membranes and reduces ethylene sensitivity, thereby delaying
ripening-related metabolic changes and pigment development.
The Zn and B also regulate carbohydrate metabolism, nutrient
translocation and carbon partitioning, further influencing the
balance between primary growth and carotenoids biosynthesis. As
a result, lycopene accumulation at harvest was lower in
nanonutrient-treated fruits.

In contrast, the higher lycopene content in control fruits
recorded due to smaller fruit size, lower yield, early senescence and
relatively concentrated pigment accumulation in fruit tissues.

Physiological disorders

The data pertaining to physiological disorders viz., blossom end rot
and fruit cracking, as influenced by different treatments are
presented in Table 3and illustrated in Fig. 2.

Blossom end rot

Blossom end rot is a physiological disorder primarily associated
with calcium deficiency that significantly reduces marketable yield
of tomato fruits. Significantly lowest incidence of blossom end rot
(2.93 %) was recorded with T (nano CaO 600 ppm + nano ZnO
1000 ppm + nano B 400 ppm), which was on par with Ts, To, T, Tus,
T and Tis. In contrast, the highest incidence (7.02 %) was recorded
inthe control.
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Fig. 2. Incidence of blossom end rot (%), fruit cracking (%) and total disorder index (%) in tomato (Solanum lycopersicum L.) cv. US-440
as influenced by foliar application of nano Ca0, nano ZnO and nano boron individually and in combinations (pooled data, rabi 2020-21 and

2021-22).

Table 3. Effect of foliar spraying of nano CaO, ZnO and boron on
physiological disorders of tomato (pooled data)

Treatment Blossom end rot (%)  Fruit cracking (%)
T: 5.27 4.92
T2 5.47 4,95
T3 6.33 5.47
Ts 6.37 5.55
Ts 5.50 4.37
Te 5.55 4.52
T2 2.93 3.03
Ts 3.05 3.03
Te 3.13 3.10
T1o 3.13 3.25
Tu 3.27 3.13
T2 3.28 3.37
Ti3 3.43 3.57
Tia 3.55 3.57
Tis 6.85 6.85
Tie 6.17 6.12
Tz 6.42 5.88
Tis 4,53 4.15
T 7.02 7.60
CD (p =0.05) 0.52 0.47

Application of Ca and B either alone or in combination
reduces the percentage of blossom end rot compared to the Zn
treatment and the control. Calcium plays a vital role in stabilising
the plasma membrane and pectin constituents of the cell wall,
thereby reducing blossom end rot of tomato fruits. Boron further
facilitates the uptake of Ca, magnesium (Mg), sodium (Na) and Zn,
improves Ca metabolism and strengthens cell wall structure
through cross-linking of pectic compounds, which collectively helps
to reduce this disorder (27, 28). Combined foliar application of nano
Ca0, nano Zn0O and nano B proved significantly more effective than
either individual application of nanonutrients or conventional
CaNOs treatment, supporting the findings in tomato (29, 30).

Fruit cracking

Boron deficiency is the primary causal factor of fruit cracking in
tomato. Boron plays an important roles in cell wall synthesis,
lignification and structural integrity.

Significantly lowest fruit cracking incidence (3.03 %) was
recorded with both T7 and Ts, which were at par with Ts, Ty, T and
Tw. In contrast, significantly highest incidence (7.60 %) was
recorded with the control.

The results revealed that, both B and Ca play an important
role in maintaining Ca pectate associations in the cell wall and
promote cell wall cross-linking through stabilisation of pectic
compounds. This improves the structural integrity of fruit tissues
and reduces the probability of cracking (28, 31). The combined
application of Ca and B was more effective than either element
alone in reducing fruit cracking, consistent with the findings in
tomato (28).

Nutrient content in leaves

The data on Ca, Zn and B content in tomato leaves at different
growth stages (30, 60, 90 and 120 DAT) as influenced by various
treatments are presented in Table 4 and further visualised in
Fig. 3 and 4. No significant differences among treatments were
observed at 30 DAT, indicating that the initial leaf nutrient status
was uniform across all plots prior to the first foliar spray. A declining
trend in leaf nutrient content from 60 to 120 DAT was observed
across all treatments, corresponding to translocation of nutrients
along with photosynthates from leaves to developing fruits in later
stages of crop growth (32).

Calcium content in leaves

Significantly highest pooled Ca content in tomato leaves at 60, 90
and 120 DAT (1.89, 1.86 and 1.81 % respectively) was recorded with
T; (nano CaO 600 ppm + nano ZnO 1000 ppm + nano B
400 ppm), which was at par with Ts, T, T, Tuy, Tiz, T1s and Toa.
In contrast, significantly lowest Ca content (0.93, 0.89 and 0.86 % at
60, 90 and 120 DAT) was recorded with the control. These findings
are in agreement with reports in cherry tomato (11),
Moringa oleifera Lam. (33) and peach leaves (34).

Zinc content in leaves

Significantly highest pooled Zn content in tomato leaves at 60, 90
and 120 DAT (38.20, 37.48 and 35.58 ppm respectively) was
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Table 4. Effect of foliar spraying of nano Ca0, ZnO and boron on Ca (%), Zn (ppm) and boron (ppm) content in tomato leaves (pooled data) at
60, 90 and 120 DAT

Ca content in leaves (%) Zn content in leaves (ppm) Boron content in leaves (ppm)

Treatment

60 DAT 90 DAT 120 DAT 60 DAT 90 DAT 120 DAT 60 DAT 90 DAT 120 DAT
T, 1.66 1.63 1.60 21.63 21.52 20.84 25.77 24.25 21.97
T. 1.64 1.63 1.58 20.64 20.68 19.60 25.38 22.54 21.93
Ts 1.11 1.08 1.04 20.36 20.10 19.32 26.42 24.51 22.44
Ta 1.09 1.07 1.04 19.66 19.46 19.18 25.41 23.65 20.29
Ts 1.24 1.21 1.17 27.41 25.86 23.64 32.50 31.37 29.35
Te 1.23 1.20 1.16 27.60 25.97 24.81 33.69 31.83 28.12
Tz 1.89 1.86 1.81 38.20 37.48 35.58 42.43 40.16 37.79
Ts 1.88 1.84 1.82 37.67 36.56 34.13 42.23 39.83 36.89
T 1.88 1.84 1.81 37.03 35.44 31.50 42.50 40.61 38.34
Two 1.84 1.80 1.78 36.38 34.33 30.77 41.68 38.74 34.13
Tu 1.86 1.83 1.82 36.89 35.16 30.96 41.66 39.89 36.78
T 1.85 1.79 1.76 36.16 33.38 29.84 40.82 37.68 35.47
T 1.84 1.82 1.79 35.39 31.50 28.67 40.53 37.31 32.24
Tua 1.80 1.74 1.70 35.35 30.24 27.53 40.35 36.99 32.74
Tis 1.06 1.05 1.03 27.71 24.22 21.55 24.78 22.17 20.49
T 1.39 1.39 1.35 19.79 19.47 18.35 23.63 23.24 20.57
Tur 1.14 1.13 1.09 19.54 19.45 19.02 25.77 27.21 25.98
Tis 1.74 1.67 1.64 30.00 27.14 24.27 35.50 32.69 30.87
Two 0.93 0.89 0.86 18.74 18.43 18.34 22.17 21.32 20.46
CD (p=0.05) 0.11 0.13 0.12 2.51 3.27 3.38 2.51 3.33 2.43
Ca: calcium; Zn: zinc; B: boron; DAT: days after transplanting.
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recorded with T+, which was at par with Ts, Ts and Tio. In contrast,
significantly lowest Zn content (18.74, 18.43 and 18.34 ppm) was
recorded with the control. The individual nano ZnO treatments (Ts,
T.) also showed appreciable Zn accumulation in leaves compared
to conventional ZnSOstreatment (Tis), indicating the higher
absorption efficiency of nano ZnO. These findings are in agreement
with reports in pecan nut trees (35) and pomegranate (36).

Boron content in leaves

Significantly highest pooled B content in leaves at 60, 90 and
120 DAT (42.43, 40.16 and 37.79 ppm respectively) was recorded
with T7, at par with Ts, To, T1o, Tz, T2, Tiz @and Tu. In contrast,
significantly lowest B content (22.17,21.32 and 20.46 ppm at 60, 90,
120 DAT respectively) was recorded with the control. Individual
nano B treatments (Ts, Te) demonstrated markedly higher leaf B
content compared to conventional B treatment (Ty7), indicating the
enhanced foliar absorption efficiency of nano-sized B particles.
These results are in agreement with the findings of previous studies
in cherry tomato (17) and in faba bean (37).

Nutrient content in tomato fruits

The data on Ca, Zn and B content in tomato fruits as influenced by
various treatments are presented in Table 5 and summarised in
Fig. 3.

Table 5. Effect of foliar spraying of nano Ca0, ZnO and boron on Ca
(%), Zn (ppm) and B (ppm) content in tomato fruits (pooled data)

Cacontentin  Zn contentin B contentin
Treatment fruits ( %) fruits (ppm) fruits (ppm)
T 0.78 45.76 31.27
T2 0.77 45.04 30.74
T3 0.61 61.77 28.47
Ts 0.62 61.31 27.68
Ts 0.66 43.13 40.14
Ts 0.65 43.25 40.08
T2 0.84 65.79 44.16
Ts 0.85 65.25 4417
Te 0.83 65.00 44,12
Two 0.83 64.71 43.98
Tu 0.83 64.70 43.82
T 0.81 64.18 43.71
Tis 0.79 64.05 43.03
Tia 0.79 63.90 42.54
Tis 0.45 57.89 26.81
Tie 0.73 42.17 26.02
LET 0.52 40.49 37.00
Tis 0.74 58.67 38.20
LET) 0.38 33.63 20.77
CD (p =0.05) 0.05 3.25 2.32

Calcium content in tomato fruits

Significantly highest pooled Ca content in tomato fruits (0.85 %)
was recorded with Tg (nano CaO 600 ppm + nano ZnO 750 ppm +
nano B 400 ppm), which was at par with Tz, To, T, T1, Tiz, Tizsand Tia.
In contrast, significantly lowest Ca in fruits (0.38 %) was recorded
with the control. The higher Ca content in fruits treated with
nanonutrients was associated with a lower incidence of blossom
end rot, as adequate calcium strengthens the plasmalemma and
cell wall, particularly in the blossom-end tissues of the fruit. These
results are in agreement with pepper (38),in cherry tomato (17).

Zinc content in tomato fruits

Significantly highest Zn content in fruits (65.79 ppm) was recorded
with T7, which was at par with Ts, Tg, Tlo, T11, T12, T and Tia.
Significantly lowest Zn (33.63 ppm) was recorded with the control.

Notably, individual nano ZnO treatments (Ts: 61.77 ppm;
T4 61.31 ppm) also recorded higher Zn content in fruits, which were

superior to conventional ZnSOs (T1s: 57.89 ppm). This indicates the
improved translocation efficiency of nano ZnO from leaves to fruits.
These results are consistent with the findings in radish (39) and in
snap bean (40).

Boron content in tomato fruits

Significantly highest B content in fruits (44.17 ppm) was recorded
with Tswhich were at par with Tz, Ts, Tio, Tu, Tz, Tis @and Taa. In
contrast, significantly lowest B content (20.77 ppm) was recorded
with the control. Individual nano B treatments (Ts: 40.14 ppm;
Te: 40.08 ppm) recorded a markedly higher B content in fruits,
superior to conventional B (T:7: 37.00 ppm).

The higher nutrient content in leaves and fruits treated with
nanonutrients compared to conventional nutrients may be
attributed to the larger surface area of nanoparticles facilitating
enhanced enzymatic and biochemical reactions, higher
penetration of nanoparticles through the cuticle resulting in rapid
absorption by plant cells and slow-release characteristics enabling
prolonged nutrient availability (32). These results are similar to the
findings in cherry tomato (17).

Superiority of nanonutrients over conventional fertilisers

Across most fruit quality, nutrient uptake and physiological disorder
parameters, combined nanonutrient treatments produced superior
responses compared with the corresponding conventional fertiliser
treatments. The combined nanonutrient treatment [nano CaO
(600 ppm) + nano ZnO (1000 ppm) + nano B (400 ppm)] consistently
recorded higher leaf and fruit concentrations of Ca, Zn and B than
the corresponding conventional fertilisers, indicating greater
nutrient absorption and translocation efficiency. It also significantly
reduced blossom end rot and fruit cracking. A comparative
representation of treatment performance based on both actual and
normalised values is presented in Fig. 5. The ability of nanonutrients
to produce superior results at substantially lower application rates
highlights their potential to reduce fertiliser inputs while maintaining
or enhancing crop productivity. A multiattribute performance
comparison using normalised values further demonstrates the
overall superiority of T over the conventional treatment and control
across key quality and nutrient parameters (Fig. 6).

Relationships among fruit quality, disorders and nutrient
uptake

Correlation analysis

Pearson correlation analysis revealed significant (p < 0.001)
relationships among leaf nutrient status, fruit quality attributes,
physiological disorders and fruit nutrient concentrations (Fig. 7 and
Table 6). Leaf Ca concentration was positively correlated with
ascorbic acid (r = 0.851), titratable acidity (r = 0.924) and fruit Ca
content (r= 0.932), whereas significant negative correlations were
observed with TSS (r = -0.893), total sugars (r = -0.909), lycopene
(r=-0.891), blossom end rot (r=-0.944) and fruit cracking (r=-0.887).
Similarly, leaf Zn showed positive correlations with ascorbic acid
(r = 0.734), titratable acidity (r = 0.901) and fruit Zn concentration
(r=0.761), but negative correlations with TSS (r=-0.796), lycopene
(r=-0.925), blossom end rot (r=-0.926) and fruit cracking (r=-0.865).
Leaf B also exhibited strong positive correlations with ascorbic acid
(r = 0.824), titratable acidity (r = 0.942) and fruit B concentration
(r = 0.938), while showing strong negative correlations with TSS
(r=-0.870), lycopene (r = -0.919), blossom end rot (r =-0.961) and
fruit cracking (r=-0.938).
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Table 6. Pearson correlation coefficients (r) between leaf nutrient concentrations and selected fruit quality, physiological disorder and fruit
nutrient parameters in tomato (n = 19 treatment means)

Variable 1 Variable 2 r R? p-value Direction
Leaf Ca (%) Ascorbic acid (mg 100 g*) +0.851 0.724 <0.001 Positive
Leaf Ca (%) Titratable acidity (%) +0.924 0.853 <0.001 Positive
Leaf Ca (%) TSS (°Brix) -0.893 0.797 <0.001 Negative
Leaf Ca (%) Lycopene (mg 100 g*) -0.891 0.794 <0.001 Negative
Leaf Ca (%) Total sugars (%) -0.909 0.826 <0.001 Negative
Leaf Ca (%) Blossom end rot (%) -0.944 0.890 <0.001 Negative
Leaf Ca (%) Fruit cracking (%) -0.887 0.787 <0.001 Negative
Leaf Ca (%) Fruit Ca (%) +0.932 0.869 <0.001 Positive
Leaf Zn (ppm) Ascorbic acid (mg 100 g?) +0.734 0.539 <0.001 Positive
Leaf Zn (ppm) Titratable acidity (%) +0.901 0.811 <0.001 Positive
Leaf Zn (ppm) TSS (°Brix) -0.796 0.633 <0.001 Negative
Leaf Zn (ppm) Lycopene (mg 100 g) -0.925 0.855 <0.001 Negative
Leaf Zn (ppm) Blossom end rot (%) -0.926 0.858 <0.001 Negative
Leaf Zn (ppm) Fruit cracking (%) -0.865 0.748 <0.001 Negative
Leaf Zn (ppm) Fruit Zn (ppm) +0.761 0.579 <0.001 Positive
Leaf B (ppm) Ascorbic acid (mg 100 g*) +0.824 0.679 <0.001 Positive
Leaf B (ppm) Titratable acidity (%) +0.942 0.888 <0.001 Positive
Leaf B (ppm) TSS (°Brix) -0.870 0.756 <0.001 Negative
Leaf B (ppm) Lycopene (mg 100 g*) -0.919 0.845 <0.001 Negative
Leaf B (ppm) Blossom end rot (%) -0.961 0.923 <0.001 Negative
Leaf B (ppm) Fruit cracking (%) -0.938 0.880 <0.001 Negative
Leaf B (ppm) Fruit B (ppm) +0.938 0.879 <0.001 Positive
Ascorbic acid Titratable acidity +0.921 0.848 <0.001 Positive
Ascorbic acid TSS -0.982 0.964 <0.001 Negative
Ascorbic acid Total sugars -0.830 0.689 <0.001 Negative
Ascorbic acid Blossom end rot -0.868 0.753 <0.001 Negative
Ascorbic acid Fruit cracking -0.963 0.927 <0.001 Negative
TSS Total sugars +0.905 0.820 <0.001 Positive
TSS Reducing sugars +0.938 0.879 <0.001 Positive
Total sugars Reducing sugars +0.975 0.950 <0.001 Positive
Blossom end rot Fruit cracking +0.953 0.908 <0.001 Positive
Blossom end rot Fruit Ca -0.875 0.766 <0.001 Negative

Pearson correlation coefficients were calculated using pooled treatment means (n =
(two-tailed); TSS: total soluble solids; Ca: calcium; B: boron; Zn: zinc.
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Among fruit quality attributes, ascorbic acid was positively
correlated with titratable acidity (r = 0.921) and negatively
correlated with TSS (r=-0.982), total sugars (r=-0.830), blossom end
rot (r = -0.868) and fruit cracking (r = -0.963). Total soluble solids
were positively correlated with total sugars (r=0.905) and reducing
sugars (r = 0.938), while blossom end rot was strongly associated
with fruit cracking (r = 0.953). Overall, these relationships indicate
that improved Ca, Zn and B nutrition was associated with greater
nutrient accumulation, higher ascorbic acid and titratable acidity
and reduced incidence of physiological disorders. The observed
negative associations with TSS and lycopene are consistent with
delayed ripening under improved nutrient status and should not be
interpreted as an enhancement of these quality attributes.

Regression analysis

Linear regression analysis further confirmed the relationships
observed in the correlation analysis (Fig. 8). Leaf Ca showed a
positive relationship with ascorbic acid (R? = 0.724) and a strong
negative relationship with blossom end rot (R* = 0.890), indicating
that improved Ca nutrition was associated with increased ascorbic
acid content and reduced physiological disorder incidence.
Likewise, leaf B exhibited a strong positive relationship with
titratable acidity (R* = 0.888) and a negative relationship with fruit
cracking (R* = 0.880), highlighting its role in maintaining fruit
structural integrity. Leaf Zn was positively associated with ascorbic
acid (R* = 0.539) and negatively associated with lycopene content
(R* = 0.855), suggesting delayed pigment accumulation under
improved nutrient status. All regression models were significant (p <
0.001), indicating that leaf Ca, Zn and B concentrations at 60 DAT
were reliable predictors of fruit quality attributes, nutrient
enrichment and physiological disorder incidence in tomato under
field conditions.

11

The interrelationships among fruit quality attributes,
physiological disorders and nutrient uptake variables were assessed
using Pearson correlation analysis, which revealed distinct patterns
of association among these parameters (Fig. 5). Strong positive and
negative correlations were observed among key variables, indicating
that nutrient status plays a crucial role in determining fruit quality
and the incidence of physiological disorders. In addition, scatter plot
analysis provided further insight into the nature and strength of
relationships between leaf nutrient concentrations and important
fruit quality and disorder traits (Fig. 6). The results suggest strong
associations between nutrient status and fruit quality traits,
indicating that Ca, Zn and B may play important roles in determining
fruit quality and physiological disorder incidence.

Conclusion

The results of this two-season field experiment demonstrate that
foliar application of nano CaO (600 ppm) + nano ZnO (1000 ppm) +
nano boron (B) (400 ppm) (T:) significantly improved fruit quality,
nutrient uptake and physiological disorder management in tomato
(Solanum lycopersicum) cv. US-440 under field conditions. This
treatment recorded the highest ascorbic acid content (2641 mg
100 g), titratable acidity (0.51 %) along with the lowest total soluble
solids (TSS) (3.59 °Brix), total sugars (2.70 %) and lycopene content
(5.16 mg 100 gY), reflecting delayed, well-regulated fruit ripening.

Nutrient uptake was substantially enhanced under this
treatment, with higher leaf calcium (Ca) (1.89 %), zinc (Zn)
(38.20 ppm) and B (42.43 ppm) at 60 days after transplanting (DAT),
as well as increased fruit Ca (0.84 %), Zn (65.79 ppm) and B (44.16
ppm). Physiological disorder incidence was markedly reduced, with
blossom end rot limited to 2.93 % and fruit cracking to 3.03%.

Leaf Ca vs Ascorbic Acid
{r = 0,851, p < 0,001)

Leaf Zn vs Ascorbic Acid
(r = 0,734, p < 0,001}

Leaf B vs Titrable Acidity
{r = 0,942, p < 0,001}
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Fig. 8. Scatter plots showing relationships between leaf nutrient concentrations and key fruit quality/disorder parameters in tomato
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The nanonutrient combination was found to be superior to
both individual nanonutrient applications and to the conventional
nutrient combination (ZnSO4 + CaNO; + B), producing higher yields
using substantially lower quantities of nanonutrients per hectare.
Based on the results of the present study, foliar application of nano
Ca0 (600 ppm) +nano ZnO (1000 ppm) +nano B (400 ppm) at 30 and
45 DAT appears to be a promising strategy for improving fruit quality,
nutrient enrichment and yield in tomato under the agro-climatic
conditions of Telangana. Further research should focus on reducing
the production cost of nanonutrients and validating these results
under diverse agro-climatic conditions through multi-location trials.

Acknowledgements

The authors sincerely acknowledge the support and guidance
provided by the respective institutions and departments involved in
this research work. The authors also extend gratitude to colleagues
and technical staff who assisted during the conduct of the field
experiment and laboratory analyses.

Authors' contributions

DR conceptualised and conducted the research work and prepared
the manuscript. MP and MRK provided technical guidance and
supervision. KA assisted in data analysis and manuscript preparation.
All authors have read and approved the final manuscript.

Compliance with ethical standards

Conflict of interest: Authorsdo not have any conflict of interests
todeclare.

Ethical issues: None

Declaration of generative Al and Al-assisted technologies
in the writing process

During the preparation of this work the authors used Claude
(Anthropic) and ChatGPT (OpenAl) to assist with manuscript
organisation, language editing, grammar improvement and
refinement of the text. After using this tools, the authors reviewed
and edited the content as needed and take full responsibility for the
content of the publication.

References

1. U.S. Department of Agriculture, Agricultural Research Service. Food
Data Central: Tomatoes, red, ripe, raw, year-round average (FDC ID:
170457). 2025.

2.  Behera SK, Srivastava S, Jha P, Mishra R, Meena BP, Shukla AK. Soil
fertility status of Indian soils. Indian Journal of Fertilisers. 2025;21
(11):1052-66.

3. Dimkpa CO, Bindraban PS. Nanofertilisers: new products for the
industry? Journal of Agricultural and Food Chemistry. 2017;66
(26):6462-73. https://doi.org/10.1021/acs.jafc.7b02150

4. Liu R, Lal R, Nawab K. Potential of nanoparticles as slow-release
nitrogen fertilisers on corn growth and nitrogen use efficiency. J
Agric Food Chem. 2005;53(2):2392-402.

5. Ybaez QE, Sanchez PB, Badayos RB. Synthesis and characterization
of nano zinc oxide foliar fertiliser and its influence on yield and
postharvest quality of tomato. Philippine Agricultural Scientist.
2020;103(1):55-65. https://doi.org/10.62550/IH24071018

10.

11

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

12

Bhardwaj G, Brar PS, Chauhan A, Kaushal R, Sharma U. Effect of zinc
oxide (ZnO) nanoparticles on morphological traits, yield and uptake
in tomato (Solanum lycopersicum) and bell pepper (Capsicum
annuum). Indian Journal of Agricultural Sciences. 2025;95(12):1512-
8. https://doi.org/10.56093/ijas.v95i12.156950

Rajani D, Padma M, Raj Kumar M, Kiran A, Vijaya M, Padmaja G.
Effect of foliar spraying of nano boron on qualitative parameters of
tomato grown in polybags. International Journal of Environment
and Climate Change. 2022;12(11):1171-7. https://doi.org/10.9734/
ijecc/2022/v12i1131094

Parra-Torrejon B, Caceres A, Sanchez M, Sainz L, Guzman M,
Bermudez-Perez FJ, et al. Multifunctional nanomaterials for
biofortification and protection of tomato plants. Environmental
Science &  Technology.  2023;57(40):14950-60.  https://
doi.org/10.1021/acs.est.3c02559

Prasad TNVK, Sudhakar P, Sreenivasulu Y, Latha P, Munaswamy V,
Raja Reddy K, et al. Effect of nanoscale zinc oxide particles on the
germination, growth and yield of peanut. Journal of Plant Nutrition.
2012;35:905-27. https://doi.org/10.1080/01904167.2012.663443

Ranganna S. Handbook of analysis and quality control for fruit and
vegetable products. New Delhi: Tata McGraw-Hill; 1986.

Srivastava RP, Kumar S. Fruit and vegetable preservation. Lucknow:
International Book Distributing Co.; 2002.

AOAC International. Official methods of analysis of AOAC
International. 21st ed. Rockville (MD): AOAC International; 2019.

Kalra YP, editor. Handbook of reference methods for plant analysis.
Boca Raton (FL): CRC Press; 1998.

Patro SGK, Sahu KK. Normalization: a preprocessing stage. arXiv
Preprint. 2015;arXiv:1503.06462. https://doi.org/10.17148/
IARJSET.2015.2305

XuM, Ji S, Pang S, LuY, Li S, Xu W. Regulatory mechanisms of total
soluble solids in tomato: from QTL mapping to gene editing. Foods.
2025;14(21):3692. https://doi.org/10.3390/foods14213692

Rohani MY, Zaipun MZ, Norhayati M. Effect of calcium treatment on
strawberry storage. MARDI Res Ann. 1997;25(1):1-8.

Islam MZ, Mele MA, Choi KY, Kang HM. Cherry tomato qualities
affected by foliar spraying of calcium and boron. Hortic Environ
Biotechnol. 2016;57(6):46-52. https://doi.org/10.1007/s13580-016-
0097-6

Marschner H, editor. Marschner's mineral nutrition of higher plants.
London: Academic Press; 2011.

Swetha M, Swamy GN, Babu JD. Influence of calcium and boron on
tomato quality. J Pharmacogn Phytochem. 2018;7(6):498-501.

Malik AA, Narayan S, Magray MM, Shameem SA, Hussain K, Bangroo
S. Effect of foliar application of micronutrients on growth, yield,
quality and seed vyield of chilli (Capsicum annuum L.) under
temperate conditions of Kashmir Valley. Int J Chem Stud. 2020;8
(4):2781-4. https://doi.org/10.22271/chemi.2020.v8.i4ag.10064

Mosa WFA, Abdelgawad KF, Latif MA. Improving storability and
quality of mango fruits using calcium treatments. IOSR J Agric Vet
Sci. 2015;8(3):10-9.

Salam A, Hollington P, Mirajkar S, Alam MZ. Effect of foliar boron
and calcium on tomato yield and quality. J Plant Nutr Soil Sci.
2010;173(5):770-3.

Melkamu M, Seyoum T, Woldetsadik K. Effects of pre- and

postharvest treatments on sugar content of tomato. Afr J
Biotechnol. 2008;7(8):1139-44.

Zakaria S, Ragab ME, El-Yazied AA, Rageh MA, Farroh KY, Salaheldin
TA. Improving strawberry quality using calcium nanoparticles.
Middle East J Agric Res. 2018;7(3):1023-40.

Haleema B, Rab A, Hussain SA, Sajid M, Shah HU. Growth, yield and
quality of tomato as affected by foliar application of silicon and zinc.
Pure Appl Biol. 2020;9(1):618-29.

https://plantsciencetoday.online


https://plantsciencetoday.online
https://doi.org/10.1021/acs.jafc.7b02150
https://doi.org/10.62550/IH24071018
https://doi.org/10.56093/ijas.v95i12.156950
https://doi.org/10.9734/ijecc/2022/v12i1131094
https://doi.org/10.9734/ijecc/2022/v12i1131094
https://doi.org/10.1021/acs.est.3c02559
https://doi.org/10.1021/acs.est.3c02559
https://doi.org/10.1080/01904167.2012.663443
https://doi.org/10.17148/IARJSET.2015.2305
https://doi.org/10.17148/IARJSET.2015.2305
https://doi.org/10.3390/foods14213692
https://doi.org/10.1007/s13580-016-0097-6
https://doi.org/10.1007/s13580-016-0097-6
https://doi.org/10.22271/chemi.2020.v8.i4ag.10064

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

Njoroge SM, Kays SJ, Resurreccion AVA. Influence of calcium on
volatile compounds of tomato. HortScience. 1998;33(2):223-6.

Blevins DG, Lukaszewski KM. Boron in plant structure and function.
Annu Rev Plant Physiol Plant Mol Biol. 1998;49(1):481-500. https://
doi.org/10.1146/annurev.arplant.49.1.481

Davis JM, Sanders DC, Nelson PV, Lengnick L, Sperry WJ. Boron
improves growth, yield, quality and nutrient content of tomato. J
Am Soc Hortic Sci. 2003;128(3):441-6. https://doi.org/10.21273/
JASHS.128.3.441

Rab A, Haq IU. Foliar application of calcium chloride and borax
influences tomato growth and quality. J Anim Plant Sci. 2012;22
(1):168-72.

Abbasi N, Zafar L, Khan HA, Qureshi AA. Effects of naphthalene
acetic acid and calcium chloride application on nutrient uptake,
growth, yield and postharvest performance of tomato fruit. Pak J
Bot. 2013;45(5):1581-7.

Loomis WD, Durst RW. Chemistry and biology of boron. BioFactors.
1992;3(4):229-39.

Schlegel TK, Schonherr J. Calcium penetration into apple fruits. J
Plant Nutr Soil Sci. 2002;165(6):738-45. https://doi.org/10.1002/
ipln.200290012

Azeez L, Adekoya AE, Ogungbenle HN, Babatunde SK. Foliar
application of nano-calcium and its effect on growth, mineral
composition and antioxidant activities of Moringa oleifera. Heliyon.
2020;6(8).

Park JR, Jang YH, Kyung Chung I, Kim KM. Effect of nanosized
calcium and magnesium particles on absorption in peach tree
leaves. Can J Plant Sci. 2021;102(2):293-300. https://
doi.org/10.1139/cjps-2020-0271

Ojeda-Barrios DL, Perea-Portillo E, Hernandez-Rodriguez OA, Avila-
Quezada G, Abadia J, Abadia A. Foliar zinc fertilization in pecan
trees. HortScience. 2014;49(4):562-6. https://doi.org/10.21273/
HORTSCI.49.5.562

13

36. Davarpanah S, Tehranifar A, Davarynejad G, Abadia J, Khorasani R.
Effects of foliar application of zinc and boron nano-fertilisers on
pomegranate (Punica granatum cv. Ardestani). Sci Hortic.
2016;210:57-64. https://doi.org/10.1016/j.scienta.2016.07.003

37. Noema A, Abou-Khater L, Pattee HE, Gomez D. Boron application
enhances seed content and nitrogen fixation in faba bean.
Agronomy. 2019;9(9):568.

38. Amini R, Babalar M, Sarcheshmeh MAA. Effect of nano-calcium
treatment on postharvest quality attributes of sweet pepper
(Capsicum annuum L.). J Food Sci Technol. 2016;53(9):3525-31.

39. Mahamoud SA, Abd El-Mageed TA, El-Sherif AMA, Saudy HS. Zinc
application enhances growth, quality and nutrient use efficiency of
radish. Biosci Res. 2019;16(1):665-73.

40. Marzouk HA, Kassem HA. Improving fruit quality and yield of
Zaghloul dates using fertilisers. Sci Hortic. 2019;127(3):249-54.
https://doi.org/10.1016/j.scienta.2010.10.005

Additional information

Peer review: Publisher thanks Sectional Editor and the other anonymous
reviewers for their contribution to the peer review of this work.

Reprints & permissions information is available at https://
horizonepublishing.com/journals/index.php/PST/open_access_policy

Publisher’s Note: Horizon e-Publishing Group remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Indexing: Plant Science Today, published by Horizon e-Publishing Group, is
covered by Scopus, Web of Science, BIOSIS Previews, Clarivate Analytics,
NAAS, UGC Care, etc

See https://horizonepublishing.com/journals/index.php/PST/
indexing_abstracting

Copyright: © The Author(s). This is an open-access article distributed under
the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution and reproduction in any medium, provided the
original author and source are credited (https://creativecommons.org/
licenses/by/4.0/)

Publisher information: Plant Science Today is published by HORIZON e-
Publishing Group with support from Empirion Publishers Private Limited,
Thiruvananthapuram, India.

Plant Science Today, ISSN 2348-1900 (online)


https://doi.org/10.1146/annurev.arplant.49.1.481
https://doi.org/10.1146/annurev.arplant.49.1.481
https://doi.org/10.21273/JASHS.128.3.441
https://doi.org/10.21273/JASHS.128.3.441
https://doi.org/10.1002/jpln.200290012
https://doi.org/10.1002/jpln.200290012
https://doi.org/10.1139/cjps-2020-0271
https://doi.org/10.1139/cjps-2020-0271
https://doi.org/10.21273/HORTSCI.49.5.562
https://doi.org/10.21273/HORTSCI.49.5.562
https://doi.org/10.1016/j.scienta.2016.07.003
https://doi.org/10.1016/j.scienta.2010.10.005
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/open_access_policy
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://horizonepublishing.com/journals/index.php/PST/indexing_abstracting
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

