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Abstract

In tropical climates, environmental stresses impose significant obstacle to growing tomato plants and
achieving higher fruit yield and better quality. The external treatment of humic acid and boron has the
potential to address these challenges in tomato production. However, the interaction effects of humic acid and
boron in tomato cultivation is largely elucidate. This research aimed to evaluate the impacts of humic acid and
boron on growth parameters, yield, and quality features of tomato (Lycopersicon esculentum L.). The treatments
were consisted of three levels humic acid (0, 50 and 100 ppm) and boron (0, 25 and 50 ppm) and they were
foliar sprayed at the vegetative, flowering, and fruit setting stages. The results revealed that combined
application of humic acid and boron potentially improved the quantitative and qualitative characteristics of
tomato plants over control. The maximum plant height (121.10 cm), the dry weight of cach plant (46.72 g),
fruit diameter (6.1 cm), single fruit weight (70.4 g), yield per plant (4.45 kg) were observed in combined
treatment of 100 ppm humic acid with 25 ppm boron at mature stage. Furthermore, TSS (4.90 °B), total sugar
(5.06 mg), vitamin C (21.35 mg), protein (3.11%), ash (0.69 mg), lycopene (4.97 mg), and sodium (6.96 mg)
content were higher in 100 ppm humic acid with 25 ppm boron as compared to control at mature stage. These
findings revealed that the combined foliar application of humic acid with boron could be practical approach
for increasing tomato production and improving quality traits of tomato in subtropical climatic regions.
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Introduction

Food and nutritional security need to be given the highest priority to feed the world population which
is predicted to surpass 9.7 billion by 2050 (UNO, 2019). It is the prime concern for addressing the vital nexus
of food availability, quality, and long-term production is imperative for Bangladeshi economy due to the rapidly
expansion of population. Globally, tomato (Lycopersicon esculentum L.) is the 2" most significant horticultural
crop in terms of production and consumption (Aytag ef /., 2024). It contains niche health-promoting nutrient
substances, including antioxidants, minerals, vitamin C, and total carotenoids (Chhaba ¢z al., 2024). In 2023,
Bangladesh produces roughly 46920.49 metric tonnes of tomatoes on 76943.14 acres lands (BBS, 2024) and
the average tomato production in Bangladesh is 14.94 t ha"' (FAO, 2023). However, the yield of tomatoes is
not meet the national demand and substantial amount of tomato export from abroad. Though, tomatoes are a
globally important horticultural crop, their productivity and quality is often constrained by inadequate
nutrient availability (Suliman ez 4/, 2020). Recent research findings have addressed these challenges, such as
the foliar treatment of biostimulants and micronutrients on fruits and vegetables reduce the negative impacts
of diverse stressors (De Hita et al., 2020; Cristofano ez /., 2021).

Humic acids are powerful plant biostimulants that are commercially available as organic fertilizers. It
promotes plant development by increasing cell elongation and nutrient uptake through improved water and
nutrient flow into cells (Ride e /., 2024). Many studies have shown that humic acid mitigates plant stress, and
helps in the absorption of nutrients required for normal growth of plants (Suliman ez al, 2020). The
application of humic acid increases tomato plant growth by promoting the absorption of essential nutrients,
including nitrogen, phosphorus, iron, and copper (Ibrahim ez /., 2019). Applying humic acid as a foliar spray
was found to be very beneficial for enhancing the vegetative development, yield, and fruit quality of tomatoes
(Kumar ez al., 2017). In addition, humic acid increases photosynthetic efficiency in plants by improving
nutrient uptake and leaf chlorophyll content (Chah-Nasir ez 4/., 2023; Hussain ez al., 2021).

Boron is a crucial micronutrient for plants, playing a vital role in cell division, flowering, fruit setting,
and carbohydrate metabolism (Xu ez al.,, 2021). It is also a key element for growth hormone synthesis and
boron deficiency in tomato plants damages roots and shoot growth, as well as creating fruit-cracking (Chhaba
et al., 2024). Boron is also a key microelement involved in cell division and growth hormone synthesis in plants
(Ahmed ez al., 2020). In addition, boron application regulates the reproductive development of plants by
activating numerous enzymes involved in plant metabolism (Kohli ez 4/., 2023). In addition to enhancing plant
heath and fruit yield, foliar fertilization with boron also promotes the absorption of critical minerals to support
plant growth (Ali ez al., 2024).

Therefore, the availability of nutrients and environmental factors has a significant impact on tomato
production, affecting both fruit quality and yield. While the individual functions of humic acid and boron in
enhancing plant growth, nutrient uptake, and fruit development have been documented, their interactive
effects on tomato remain insufficiently studied. Specifically, there is alack of comprehensive research evaluating
how the combined application of humic acid and boron influences quantitative traits as well as qualitative
parameters. Based on this, the present research focused on investigating the effects of foliar application of humic
acid with boron to develop sustainable cultivation practices that enhance the productivity and fruit quality of
tomatoes.

Materials and Methods

Planting materials and growing seedlings
The experiment was conducted at the Horticulture Farm of Sher-e-Bangla Agricultural University,
Dhaka-1207 which is located at 90°33” E longitude and 23°77’ N latitude from October 2022 to April 2023.
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BARI Tomato-14 variety was used as the planting materials. Earthenware pots measuring 30 cm in height, 25
cm in width, and 14.72 L in volume were used for growing the plants. The earthen pots were filled with a sand,
soil and farmyard manure at 2:1:1 (v/v/v) ratio, as well as the necessary fertilizers. Throughout the growth
period, standard cultural practices including weeding, irrigation, and pesticide application, were performed as
and when needed.

Experimental design and treatments

Humic acid (at three level concentrations, 0, 50 and 100 ppm) and boron (at three level concentrations,
0, 25 and 50 ppm) were foliar applied three times at the vegetative, flowering, and fruit setting stages and the
experiment was layout in a completely randomized design with five replications. A total of 9 treatment
combinations, and a total of 45 experimental pots. Healthy seedlings of tomato were raised in nursery trays and
transplanted into pots at the 4-5 leaf stage (approximately 25 days after sowing). Five seedlings were selected
for each treatment for data collection.

Measurement of growth characteristics

Data on plant height (cm) and branches per plant were counted at 30, 60 and 90 days after transplanting
(DAT).

Measurement of physiological attributes

The total dry weight of plant was determined by summing the dry weights of the leaves, branches, roots,
and other growing portions. Leaf chlorophyll content was measured at three growth stages (vegetative,
flowering and fruiting) using a SPAD-502 meter (Minolta, Tokyo, Japan) The first flowering and fruiting days
were noted and counted by evaluating how many days were required from transplanting to flowering and
fruiting at 50% flowering and fruit setting,

Measurement of yield components
Fruit yield plant” (kg) was determined by multiplying single fruit weight (g) and number of fruits plant
! for each treatment. It was recorded by averaging the harvested of all plants in each treatment. Besides, fruit

length (cm) and diameter (cm) were calculated using Digital Caliper -515 (DC-515).

Determination of total soluble solids (TSS)

The total soluble solid (TSS) content of tomatoes was estimated through a digital hand refractormeter
and expressed in ’Brix, according to method suggested by Beckles (2012).

Sugar content analysis

To estimate total sugar content, a 5-mL aliquot was taken from a 100-mL sample, and three drops of
hydrochloric acid (HCI) was added, and the solution was stored overnight. The following day, two to three
drops of phenolphthalein indicator were added, and then the solution was neutralized using a 30% of sodium
hydroxide (NaOH). The neutralize solution was then titrated using methylene blue as an indicator against
1.0% glucose standard in a boiling solution. According to Lane and Eynon (1923 ), the endpoint was designated
by the appearance of brick red color as, and the results were expressed as a percentage of total sugar.

To determine the reducing sugars, 10 g of pulp was ground with distilled water and the homogenate was
filtered by muslin cloth. Next, 5 mL each of Fehling solution "A" and "B" were combined in a 100 mL conical
flask and the mixture was titrated against a 1% glucose solution in a boiling water bath. The endpoint was
marked by the appearance of a brick-red color with methylene blue as an indicator.

Non-reducing sugar content was calculated by subtracting the quantity of reducing sugars from total
invested sugars and multiplying by a factor of 0.95.

Non-reducing sugar (%) = Total sugar (%) - Reducing sugar (%) x 0.95.
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Sugar content was expressed in mg/100 g fresh weight (FW).

Estimation 0f protein percentage

The protein percentage was measured using the method described by Kjeldahl Method (AOAC, 2005).

Vitamin-C content determination

The vitamin-C content of tomato fruits was assessed following the procedure of oxidation reduction
titration method (Tee ez al., 1988). Individual fruits were homogenized, and resulting fruit pulp was filtered
by Whatman No. 1 filter paper. The filtrate was then diluted to a 100 mL volume using a 5% oxalic acid
solution. For titration, the dye solution 2, 6-dichlorophenol indophenol was used. Prior to analyzing the fruit
samples, the dye was standardized using a known concentration of L-ascorbic acid. For each titration 5 mL
solution of the extract was used, and the pink color indicated the end point of the titration, which lasted for 10
seconds. Subsequently, the burette reading was recorded and used to calculate the vitamin C concentration

Analysis of ash content

The method narrated by John ez al. (2020) was used to measure ash content in tomato fruits. Shortly,
containing 1 g of crushed tomato samples was placed in a porcelain crucible and heated to 600 °C for
approximately 6 h in a muffle furnace. After cooling in dryers, the samples were weighed on an electric balance
the ash content was calculated and expressed as mg/100 g FW.

Lycopene content analysis

Lycopene content was analyzed based on Fish ez 4/. (2002). A 250 cm?® beaker was filled with 100 g of
pulp that had been ground using an electric tissue blender. A solvent mixture of hexane, acetone, and ethanol
were then added in a volume ratio of 2:1:1, and the mixer was shaken on an electric shaker for 10 minutes or
more. Next, 1 mL of distilled water was added, and the sample was agitated for an additional 10 minutes. For
phase separation, the solution was transferred into a 250 mL funnel and left to stand for at least 5 minutes.
After that, the top layer (hexane) was taken out and put in an amber screw vial. An aliquot of the hexane extract
was placed in a 1 mL cuvette, and its absorbance was measured at 503 nm against a solvent blank using a
spectrophotometer.

Estimation of sodium content

The sodium content of tomato fruit was determined using Atomic Absorption Spectroscopy (AOAC,
2005). The sample was prepared in a 100 mL volumetric flask. A blank was measured first, followed by a series
of standard solutions of known sodium concentration to calibrate the instrument. Finally, the prepared sample
was analyzed. The absorbance was recorded, and the Na concentration in the sample was determined based on
the calibration curve.

Statistical analysis

Data were analyzed using IBM SPSS Statistics 21 (IBM Corp., Armonk, NY, USA) software. Mean
differences among the treatments were compared using at least significant difference (LSD) at p < 0.05. Graphs
were prepared with Microsoft XL's.
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Results

Growth characteristics

The interaction effect of humic acid and boron had a significant effect on plant height and number of
branches of tomato plant (Table 1). The results suggested that the application of 100 ppm humic acid
combined with 25 ppm boron led to an increment of plant height (36.37 cm, 91.22 cm and 121.13 cm) at 30,
60, and 90 days after transplanting (DAT), respectively, while the control treatment plants had the least height
(18.63 cm, 45.87 cm and 73.37 c¢m) at 30, 60, and 90 DAT, respectively (Table 1). Similarly, the maximum
number of branches per plant (7.7, 16.5, and 26.7) at 30, 60, and 90 DAT, respectively, was observed with the
100 ppm humic acid and 25 ppm boron treatment (Table 1).

Table 1. Interaction effects of humic acid and boron on growth characteristics of tomato

Humic acid Boron Plant height (cm) at Number of branches plant™at

(ppm) (ppm) 30 DAT 60 DAT 90 DAT 30 DAT 60 DAT 90 DAT
Control | 18.63+1.5g | 45.87+29f 73.37+4.2 € 3240.17f | 8.0+0.29e¢ 16.2+1.0e
Control 25 22.63%1.6efg | 59.62+3.2de | 92.5943.9cd |4.840.17de| 10.54+0.58d | 19.0+0.76 cde

S0 20.77+0.4fg | 53.531+2.3ef | 83.73+5.1de | 4040.17¢ | 9.5£0.58d e 17.7+1.6¢
Control | 26.30+0.7 cde | 68.23+4.9 cd | 98.23+4.6bcd [4.5+0.23de | 11.3+0.17 c¢d | 21.5%1.3 bed
S0 25 31.47+1.7b | 81.53+3.5bc | 110.36+5.8 bed | 6.0+0.38b | 13.7+0.88b | 23.6+0.72 bc

50 29.4740.7 bc | 77.57£3.9bc | 107.83+6.2bc |5.840.33 bc| 14.240.17b | 22.5+1.2bc
Control | 24.70+1.7 def | 67.29+3.5¢cd | 95.29+3.5bcd | 4.04£0.29¢ | 9.5+0.29d e | 18.2+0.93 de

100 25 36.3740.8a | 91.22+42a | 121.13469a | 7.740.17a | 16.5t1.1a 26.7+0.73 a
50 26.93+1.8 cd | 72.83+£3.3 bc | 102.83+£6.2bc |5.240.33 cd | 12.740.88 bc | 21.5%1.7 bed
P-value 0.001 0.001 0.001 0.002 0.001 0.001
LSDoos 1.08 2.80 3.07 0.26 0.53 0.71
CV (%) 8.31 9.04 9.23 8.86 7.81 9.51

Note: Means & SEs of five biological replicates were used to present the data. Different letters in the same column
indicate significant differences between treatments (p < 0.05). DAT=days after transplanting

Physiological attributes

The combined application of humic acid and boron had a substantial effect on total dry weight of plant,
leaf chlorophyll content at different stages (Table 2), days to first flowering (Figure 1A) and days to first fruiting
(Figure. 1B). According to the results, the highest total dry weight of the plant was observed in 100 ppm humic
acid with 25 ppm boron treatment plants (46.72 g), which was 64.3% higher than that of the control plants
(28.43 g) (Table 2). The relative chlorophyll content (SPAD index) was also higher in 100 ppm humic acid
with 25 ppm boron treatment, showing 45.1%, 49.3%, and 54.5% over the control plants at the vegetative,
flowering, and fruiting stages, respectively (Table 2). Humic acid and boron had also promoted effects on
reproduction processes and the. early flowering (34.11 days) was observed in the 100 ppm humic acid and 25
ppm boron treatment, whereas the control treatments showed delayed (46.67 days) flowering (Figure 1A).
Similarly, plants treated with 100 ppm humic acid and 25 ppm boron required the fewest days to first fruiting,
showing 18.6 days carlier than control plants (Figure 1B).
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Humicacid| Boron Total dry weight SPAD index
(ppm) (ppm) of plant (g) Vegetative stage Flowering stage Fruiting stage
Control 28.43+1.0d 37.47+2.0d 34.77+1.0 f 31.70+1.2¢
Control 25 39.194+1.3 be 40.30+2.3 cd 37.57+2.1e¢ 34.50+2.1de
50 37.91£1.5 bc 41.93+2.2 bed 39.43+1.1cd 36.20+1.0 cde
Control 36.90+3.1c¢ 45.90+2.9 be 43.47+1.3 bc 40.70+1.3 be
50 25 42.10+1.9 abc 49.47+2.3 ab 46.83+2.2 ab 43.90+1.0 ab
50 40.85+2.6 abc 47.97+2.0 abc 45.23409b 42.57+1.5b
Control 43.77+2.8 ab 41.60+1.8 cd 38.80+1.0cd 35.80+1.9 cde
100 25 46.72+19a 54.37+3.5a 51.73+34a 48.97+3.5a
50 40.27+1.3 abc 46.07+1.5 be 43.60+1.5 be 40.30+1.6 bed
P-value 0.001 0.002 0.001 0.001
LSDyos 1.11 1.17 1.09 1.12
CV (%) 8.92 8.79 6.52 7.35

Note: Means & SEs of five biological replicates were used to present the data. Different letters in the same column

indicate significant differences between treatments (p < 0.05)
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Figure 1. Synergistic functions of humic acid and boron on (A) days to first flowering (B) days to first
fruiting of tomato
Vertical bars indicate +SE. Different letters within a trait indicate significant differences (p < 0.05)

Yield components

Foliar spraying with humic acid and boron had a significant influence on number of flowers plant™,
number of fruits plant™, fruit length, fruit diameter, single fruit weight and yield plant™ (Table 3). The results
showed that the treatment with 100 ppm humic acid combined with 25 ppm boron had the highest number
of flowers plant™” (78.2), whereas the control had the lowest (36.3) (Table 3). The results suggested that plants
sprayed with the combination of 100 ppm humic acid and 25 ppm boron exhibited the largest number of fruits
plant” (63.3), while the fewest fruits number (26.0) were observed in the control (Table 3). It was observed
that the longest fruit (6.3 cm) was achieved in the treatment of 100 ppm humic acid along with 25 ppm boron
treatment, while the control treatment produced the smaller fruit (3.7 cm) (Table 3). The statistical analysis
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showed that the widest fruit (6.1 cm) was found in 100 ppm humic acid and 25 ppm boron treatment group,
whereas, control group produced the smallest (3.1 cm) fruit (Table 3). The most notable increase in fruit weight
was observed in the plants treated with 100 ppm humic acid and 25 ppm boron, which increased fruit weight
by 44.3% compared to the control (Table 3). The maximum fruit production (4.45 kg) was observed in 100
ppm humic acid with 25 ppm boron treatment plants, whereas the minimum fruit production (1.27 kg) was

found in the control plant (Table 3).

Table 3. Interaction effects of humic acid and boron on yield components and yield of tomato

Hul.mc Boron | Numberof | Number of | Fruit length | Fruit diameter |  Single fruit Yield plant™
acid ale . 0 :
(ppm) (ppm) | flowers plant™ | fruits plant (cm) (cm) weight (g) (kg)
Control| 36.3+2.0e 26.0+1.8f | 3.7+0.09¢ 3.1+0.14 f 48.8+4.1d 1.2740.15 ¢
Control 25 473+2.5cd | 35.5£2.0de | 4.2+0.15¢ | 4.0+0.28 de 59.0+1.3bcd | 2.09+0.13 cd
S0 40.8+1.7 de 30.2+2.2ef | 4.0+0.17 ¢ 3.840.26 f 55.4+2.5 cd 1.68+0.19 de
Control| 54.0+2.6¢ 42.5+13¢c | 48+0.12d | 4.6+0.16cd 57.1+4.2 cd 2.43+0.24 c
50 25 69.2+3.0b 53.7+3.9b | 5.6+0.22b 5.1£0.38 b 69.0%2.1 ab 3.7240.36 b
50 62.2+3.1b 49.5+1.9b | 54+0.23bc | 5.2+0.35bc 62.942.1 abc 3.1240.21b
Control| 45.8+1.8cd | 33.7+1.2¢ | 4.240.18¢ | 4.0+0.24de 60.8+6.1 abc | 2.05+0.23 cd
100 25 78.2+4.2a 63.3+2.0a | 6.3+0.15a 6.1£0.05a 70.4+3.0 a 4.4540.16 a
50 51.942.2¢ 40.6+2.2cd | 5.1£0.23cd | 4.9+0.20 bc 57.5+2.3 cd 2.33+0.15cd
P-value 0.001 0.002 0.001 0.003 0.007 0.002
LSDoos 2.63 2.30 0.16 0.19 1.56 0.20
CV (%) 8.23 8.85 6.16 8.98 9.07 7.26

Note: Means & SEs of five biological replicates were used to present the data. Different letters in the same column
indicate significant differences between treatments (p < 0.05)

Quality traits

The application of humic acid and boron had a considerable impact on quality parameters of tomato
fruits including, total soluble solids (Figure 2A), total sugar (Figure 2B), reducing sugar (Figure 2C), non-
reducing sugar (Figure 2D), protein percentage, vitamin-C content, ash content, lycopene content and sodium
content (Table 4). The results illustrated that the TSS was maximal (4.9 °Brix) in the treatment where 100
ppm humic acid and 25 ppm boron was applied, and the minimal (3.1 °Brix) was recorded in control (Figure
2A). Compared to the control, the total sugar, reducing sugar and non-reducing sugar contents were enhanced
by 52.8%, 52.3% and 53.7%, respectively, in the treatment with 100 ppm humic acid and 25 ppm boron,
respectively (Figure 2B-D). The treatment with 100 ppm humic acid and 25 ppm boron had the highest fruit
protein content (3.11%), whereas the lowest (2.37%) was observed in control group (Table 4). The treatment
with 100 ppm humic acid and 25 ppm boron displayed a noticeable increase of vitamin-C content and that was
63.8% higher over the control (Table 4). The current study showed that, the highest ash content (0.68 mg/100
g) was observed in 100 ppm humic acid with 25 ppm boron, while the control produced the lowest ash content
(0.32 mg/100 g) (Table 4). I addition, the more lycopene content (4.97 mg/100 g) of fruits was observed in in
100 ppm humic acid with 25 ppm boron treatment, where less lycopene content (4.09 mg/100 g) was found
in control, showing 21.5% higher than control (Table 4). Data also revealed that 100 ppm humic acid and 25
ppm boron treated plant showed 41.5% higher the sodium content as compared to control group (Table 4).
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Figure 2. Interactive effect of humic acid and boron on fruit quality of tomato (A) total soluble solid (B)
total sugar (C) reducing sugar (D) non-reducing sugar
Means % SEs of five biological replicates were used to present the data. Different letters within a trait indicate

significant differences (p < 0.05)

Table 4. Interaction effects of humic acid and boron on nutritional quality of tomato

Humic acid Boron Protein Ascorbic acid Ash Lycopene Sodium
(bpm) | (ppm) (%) | (mg/100g) | (mg/100gFW) | (mg/100g) | (mg/100g)

Control 2.37+0.04 ¢ 13.03+0.14 ¢ 0.3240.02d 4.09+0.08 ¢ 4.92+40.04 ¢
Control 25 2.62+0.01 ¢ 16.02+0.22 ¢ 0.36+0.02d 4.3940.01 cd 5.36+0.14d
50 2.5040.06cd | 13.88+0.79 de 0.35+0.01d 4.35+40.07 de 5.3240.13d
Control 2.46+0.05de | 17.78+£0.06 b 0.55+£0.01 ¢ 4.11+0.03 ¢ 5.18+0.07 de
50 25 2.84+0.04 b 19.10+0.40 b 0.62+0.02 be 4.6840.11b 6.25+0.21b
50 2.7940.03 b 18.49+0.51b 0.58+0.02 be 4.5540.10bed | 6.05%0.07 be
Control 2.4840.03de | 15.03+0.25cd | 0.60+0.03bc | 4.61£0.11bcd | 5.88+0.07 ¢
100 25 3.11+£0.03a 21.35+£0.62a 0.69+0.01 a 49740.01 a 6.96+0.03 a
50 2.7940.06 b 16.294+0.45 ¢ 0.61+0.02b 4.6540.12bc | 6.1240.13 bc

P-value 0.003 0.001 0.002 0.001 0.002

LSDoos 0.05 0.51 0.03 0.06 0.12

CV (%) 247 3.97 570 275 2.98

Note: Means F SEs of five biological replicates were used to present the data. Different letters in the same column

indicate significant differences between treatments (p < 0.05)




Rahman MM ez al. (2025). Not Bot Horti Agrobo 53(3):14504
Discussion

The foliar spraying of humic acid and boron notably elevated the height of tomato seedlings. According
to our findings, the combined effect of these compounds was superior to that of the control treatment (Table
1). This effect may occur because humic acid enhances the roots membrane permeability, thereby boosting the
uptake of vital nutrients essential for plant development. The current results are consistent with the findings
that humic acid facilitates the uptake of nutrients required for plant growth and development (Suliman e 4,
2020). Similarly, humic acid application significantly increased the plant height, emphasizing its performance
in promoting plant growth (Abdelkader ez al, 2019). Besides, boron application also enhanced plant
development by increasing the absorption and utilization of crucial nutrients (Ali ez a/., 2024). Boron plays a
fundamental role in sustaining cell wall structure and function, both of which are vital for plant height (Shireen
et al., 2018). This is consistent with Rahman e# a/. (2023) reported that an optimal boron concentration
significantly increased the height of summer tomato plants. Regarding plant branching, the foliar sprayed of
humic acid and boron also had a significant effect (Table 1). Humic acid likely accelerates plant growth by
facilitating nutrient absorption. These findings support the statement by Ride ez a/. (2024) that humic acid
facilitates the easy absorption of macro and micronutrients by lowering plant stress, which ultimately helps to
promoting branching, Furthermore, the application of boron had a positive effect on increasing the number of
branches in tomato plants by stimulating growth hormones in plants. This is in line with the findings of Ahmed
et al. (2020), who concluded that boron, as a key micronutrient, is integral to cell division and synthesis of
growth hormones.

The total dry weight of the tomato plants varied in response to different combinations of humic acid
and boron. (Table 2). The increase in dry weight of the plant might be attributed to the enhancement of
photosynthetic activity which promotes food production and rapid growth (Hussain e al., 2021). The results
confirmed that humic acid accelerates the absorption of more photo-assimilates, thereby increasing plant dry
weight (Ibrahim ez a/.,2019). Meanwhile, boron application promoted the absorption of the essential nutrients
such as calcium, leading to greater biomass accumulation in tomato plants. These results are aligned with the
previous findings of Xu ez a/. (2024), which highlighted the positive impact of boron on photosynthetic activity
and dry matter production. In our study, the combined effect of humic acid and boron also positively affected
the leaf chlorophyll content at the vegetative, flowering, and fruiting stages (Table 2). Humic acid may increase
the activity of enzymes involved in photosynthesis by improving nutrient availability, thereby encouraging
higher chlorophyll production. These results are supported by Chah-Nasir ez /. (2023), who found that humic
acid boosts photosynthetic efficiency and increases leaf chlorophyll content by advancing nutrient uptake.
Similarly, foliar fertilization with boron may stimulate photosynthetic activity in plants. According to Xu ez al.
(2024), boron application can promote the synthesis of photosynthetic pigments, which directly influences the
photosynthetic capacity of tomato plants. The number of days to first flowering and fruiting were significantly
influenced by the combined effect of humic acid and boron (Figure. 1A and Figure. 1B, respectively). Humic
acid may may reduce the flowering period by enhancing nutrient uptake and photosynthetic efficiency of
tomato plants, as validated by the findings of Chah-Nasir ez /. (2023). Moreover, humic acid hastened carly
fruiting by advancing metabolic processes in plants, consistent with the findings of Al-Karawi ez 4/. (2021) in
strawberry plants. Likewise, the application of boron shortened both the flowering and fruiting periods. Xu ez
al. (2024) revealed that boron plays a vital role in cell division, flowering, fruit set, and carbohydrate
metabolism.

The experiment showed that the number of flowers and fruits varied significantly with the foliar
treatments of humic acid and boron (Table 3). This effect is likely due to the humic acid, in promoting plant
growth and development by enhancing the absorption of essential nutrients, thereby increasing flower and fruit
production. Our results in line with the findings of Suliman ez /. (2020), who reported that humic acid helps

in the absorption of nutrients required for plant development. Similar results were also reported by Ride ez a/.
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(2024). Besides, boron was effective in increasing the number of fruits in tomato plants by decreasing the
proportion of abnormal fruits. Chhaba ez al. (2024) showed that boron deficiency leads to root and foliage
damage in tomato plants, resulting in fruit-cracking. A significant interaction effect of humic acid and boron
was observed on fruit length and fruit diameter (Table 3). It might be happened due to the positive effect of
humic acid on cell division that enhances fruit size. As noted by Chah-Nasir e /. (2023), humic acid positively
influences auxin production, which drives cell division and differentiation, resulting in larger fruit production.
Concurrently, boron application also increased both fruit length and diameter. Moreover, boron improves the
absorption and utilization of key nutrients such as nitrogen, phosphorus, and potassium, which are important
for plant productivity (Vera-Maldonado e /., 2024). The combined humic acid with boron treatments varied
considerably in terms of the single fruit weight of tomato (Table 3). The increased fruit weight is likely due to
the application of humic acid, which improved the tomato plant growth by absorbing essential nutrients i.c.
nitrogen, phosphorus, iron, and copper and potassium (Monda ez al., 2021). These results are in accordance
with the statement of Ibrahim ez 4/. (2019), who found that humic acid facilitates nutrients uptake and
increases photo-assimilates allocation, leading to greater fruit weight. Foliar application of boron may further
be involved in promoting translocation and assimilation of photosynthates from leaves to fruit, thus increasing
fruit weight. Similar findings were also reported by Ali et al. (2024). Overall, humic acid and boron treatments
significantly influenced the fruit yield of tomato plants (Table 3).

The application of humic acid and boron not only boosted vegetative growth but also positively
influenced reproductive parameters such as fruit weight, fruit number and fruit size, leading to increased yield
(Monda er 4l., 2021; Mbi et al., 2022). Foliar application of humic acid has been reported to improve
respiration, total protein content, and photosynthesis efficiency in plants, thereby improving yield (Chah-
Nasir ¢t al., 2023). Similar findings were also observed by Ride ¢z 4/. (2024) in tomato, who confirmed that
spraying of humic acid resulted in an 88% increase in total yield per hectare. Conversely, boron advanced
tomato yield by increasing fruit number and fruit weight as it activates numerous enzymes for plant
metabolism. A similar result was also noted by Kohli ez 4/ (2023). The total soluble solids (°B) were
significantly influenced by the combined treatments of humic acid and boron (Figure 2A). TSS is an essential
fruit quality parameter which influences the palatability and acceptability by preserving their flavors and
volatile compounds. For example, Sun ez 4/. (2022) found that humic acid application resulted in the best flavor
profiles for greenhouse-grown cherry tomatoes, as assessed by total soluble solids, titratable acid, and sugar-acid
ratio. Besides, boron plays a vital role in response to the increased TSS content of tomatoes, which is similar to
the findings of Ali ez 4l. (2024), who found the maximum TSS content in brinjal fruits was observed by applying
0.25% boron. Sugar contents varied significantly with the foliar applications of humic acid and boron (Figure
2B, 2C and 2D). The increase in total sugars might be due to enhanced carbohydrates production in leaves,
which are later converted to various reducing and non-reducing sugars. Similar results were observed by
Bijanzadeh ez al. (2019) and Nargesi e a/. (2022), who reported that the external application of humic acid
improved nutrient absorption, leading to increased sugar content in fruits. Humic acid and boron treatments
significantly influenced on protein content of tomato fruits (Table 4). It may be due to the enhancement of
various amino acid synthesis, as humic acid provides more nutrients required for this process. These results are
consisted with the findings of Ride ez a/. (2024). Meanwhile, Mal ez 4/. (2025) demonstrated that applying
boron to the soil or as foliar sprays during the reproductive stages of crops can greatly improve the quality of
the fruit by increasing the contents of protein, lycopene, carotene, and total soluble solids. In this study, ascorbic
acid and lycopene contents were substantially influenced by the interaction effect of humic acid and boron
(Table 4). The foliar application of humic acid enhanced ascorbic acid content in fruits by increasing the uptake
and efficiency of valuable nutrients such as potassium, nitrogen, magnesium, calcium, and phosphorus. This is
in line with the statement of Sindha ez 4/. (2018). On the other hand, Xu ez 4/. (2021) reported that foliar
spraying of boron impacts the biochemical processes of plants, accelerating photosynthesis and respiration,
which are required for increased Vit-C and lycopene synthesis. The current experiment showed that the ash
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percentage of fruits varied significantly with the foliar application of humic acid and boron (Table 4). The
combined effect of humic acid and boron significantly affected biomass accumulation by producing more
assimilates and transporting them to different parts of the plants which led to enhanced photosynthetic
efficiency. The combination of humic acid and boron increases photosynthetic efficiency by enhancing
nutrient uptake and transport, leading to better assimilate distribution (Monda e 4/., 2021). The findings of
the current research aligned with the previous results of El-Kinany ez a/. (2020) in roselle plant fruit. The data
in Table 4 indicate that foliar application of humic acid and boron treatments played a significant role in Na
content enhancement in tomato fruits. The application of humic acid improved the absorption of vital
nutrients including sodium, by increasing root permeability of plants. This is in line with the findings of
Suliman ez 4/. (2020), who found that humic acid aids in the absorption of nutrients required for plant
development. Likewise, boron application also improved plant growth by enhancing the uptake and utilization
of essential nutrients, including sodium (Al ez 4/., 2024).

Conclusions

The current study showed that combined foliar spraying of humic acid and boron significantly improved
the growth, yield, and quality characteristics of BARI Tomato-14 under subtropical climatic condition. The
most effective treatment was the combination of 100 ppm humic acid and 25 ppm boron, which enhanced the
key nutritional characteristics such as total soluble solids, sugars, vitamin C, ash, protein, lycopene, and sodium
content, as well as plant height, biomass, fruit size, and yield. These results imply that in areas experiencing
environmental stress, the combined application of humic acid and boron is a viable and sustainable agronomic
approach to increase tomato yield and fruit quality. Further research involving other cultivars and climatic
zones is encouraged in to validate and refine this approach for wider adoption.
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