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Article 

Lignin Chelated Calcium Improves Tomato Fruit 
Quality by Promoting Ca2+ Uptake and Transport 
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College of Horticulture Science and Engineering, Shandong Agricultural University, Tai’an 271018, China 

* Correspondence: fma@sdau.edu.cn (F.M.); zbao@sdau.edu.cn (Z.B.) 
† These authors contributed equally to this work. 

Abstract: Calcium (Ca) is an essential nutrient for plant growth and development, playing a key role in cell wall 

stabilization and various physiological processes. Ca fertilizers are widely used in agriculture to meet crop 

demands and improve yield and quality. However, traditional Ca fertilizers often suffer from low solubility, 

poor absorption, and mobility issues. Chelated Ca fertilizers offer enhanced efficiency and uptake. In this study, 

we compared the effects of lignosulfonate-chelated Ca (LS-Ca), EDTA-chelated Ca (EDTA-Ca), Ca(NO3)2, and 

alcohol sugar-chelated Ca (AS-Ca) on tomato growth. The results showed that LS-Ca increased chlorophyll a 

and b contents by 26% and 46%, respectively. The application of Ca fertilizers significantly enhanced Ca2+ uptake 

and transport, with LS-Ca achieving the highest efficiency. Without altering fruit weight, LS-Ca treatment 

increased the firmness of mature tomato fruits by 29%. Furthermore, LS-Ca improved fruit sweetness by 33%, 

with total sugar content increasing by 45%, sucrose by 80%, reducing sugars by 64%, and titratable acidity by 

18%. This study aims to compare the effects of different chelated Ca fertilizers on tomato cultivation and to 

explore optimal Ca supplementation strategies, thereby contributing to the improvement of tomato cultivation 

practices and fruit quality. 
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1. Introduction 

Ca is an essential nutrient for plant growth and development. It enhances the rigidity and 

stability of cell walls, participates in cell division and elongation, and serves as a key component of 

cell walls and membranes [1,2]. Acting as a secondary messenger, Ca is involved in signal 

transduction for various physiological processes, such as hormone regulation and stress responses, 

and regulates enzyme activities that affect plant metabolism [3]. 

Ca deficiency can lead to symptoms such as apical necrosis, leaf curling, poor root development, 

and delayed fruit growth. In agricultural production, Ca fertilizers can neutralize soil acidity, 

improve soil pH and structure, promote beneficial microbial activity, and enhance fruit firmness, 

shelf life, and resistance to physiological disorders like fruit cracking and blossom-end rot. 

Additionally, Ca application improves crop yield and quality and enhances resistance to diseases, 

drought, and salt stress [4]. Inorganic Ca fertilizers, such as Ca(NO₃)₂, CaCO3, CaSO4, and Ca3(PO4)2, 

are widely used due to their high purity, fast action, multifunctionality, and affordability. However, 

challenges remain, including soil acidification, rapid dissolution, uneven crop absorption, and 

environmental sensitivity [5–7]. 

Chelated Ca fertilizers, which stabilize Ca2+ using chelating agents, offer higher bioavailability 

and stability. EDTA-chelated Ca (EDTA-Ca), for example, binds Ca2+ to ethylenediaminetetraacetic 

acid (EDTA) and promotes flowering in tomatoes, although excessive application can cause chlorosis 

and necrosis in older leaves [8,9]. Polyols, such as xylitol and mannitol, also serve as carriers for Ca2+, 

improving its mobility and uptake within plants. Foliar application of sorbitol-Ca fertilizer, for 

instance, enhances Ca2+ absorption and boosts peanut yields [10], while alcohol sugar-chelated Ca 

(AS-Ca) treatments significantly improve grape berry size and shape index [11]. 

Lignin, a natural polymer in plant cell walls, exhibits excellent chelating ability. Lignosulfonates, 

derived from sulfite pulping processes, are low-cost materials containing hydrophilic sulfonate and 

electroactive methoxy phenol groups, offering potential for improving nutrient bioavailability and 
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reducing production costs [12,13]. Chelated Ca fertilizers, including lignosulfonate-Ca (LS-Ca), have 

demonstrated superior Ca2+ transport, enhanced crop growth, and improved disease resistance. 

Tomatoes, with their increasing yield and quality demands, are particularly sensitive to Ca 

nutrition. Ca deficiency in tomatoes causes disorders such as blossom-end rot, necrosis of growth 

points, and abnormal floral structures, severely impacting yield and quality. Ca absorption depends 

on soil Ca²⁺ availability and xylem transport driven by transpiration. During early fruit development, 

both xylem and phloem contribute to nutrient flow, but as fruits mature, reduced transpiration and 

xylem function shift reliance entirely to phloem, leading to Ca²⁺ dilution in tissues [14,15]. Enhancing 

Ca²⁺ transport in soluble chelated forms can effectively address late-stage deficiencies. 

To evaluate the effectiveness of different chelating agents on Ca supplementation in tomatoes, 

we used Mic-TOM as the experimental material and applied foliar sprays and root irrigation of LS-

Ca, EDTA-Ca, Ca(NO₃)₂ and AS-Ca. We systematically analyzed plant growth and fruit quality 

differences and monitored Ca²⁺ distribution across tissues during different developmental stages. 

This study aims to identify effective Ca supplementation strategies for tomato cultivation, providing 

technical guidance for improving tomato quality and productivity. 

2. Materials and Methods 

2.1. Plant Materials and Growth Conditions 

Tomato cultivar ‘Micro-TOM’ deeds were germinated and sown in greenhouse soil. The 

greenhouse conditions were maintained at a 16 h/8 h light/dark cycle with temperatures of 25°C 

during the day and 20°C at night, a relative humidity of 60%, and a light intensity of 300 μmol m⁻² 

s⁻¹. Ca fertilizer treatments for tomato plants were applied three times, at 7, 14, and 21 days after 

transplanting, through both foliar spraying and root irrigation. The Ca concentration for each 

application was maintained at 15 mg/L. 

2.2. Measurement of Plant Fresh and Dry Weight 

Fresh tomato plants were cut at the junction between the root and shoot, and surface moisture 

was removed. The fresh weight of the samples was then measured using an electronic balance. For 

dry weight determination, the tissues were placed in a forced-air drying oven at 70°C for three days 

until completely dried, after which the weight was recorded. 

2.3. Measurement of Photosynthetic Rate, Chlorophyll, and Carotenoid Content 

The net photosynthetic rate of tomato leaves was measured on sunny days between 9:00 AM and 

12:00 PM using a CIRAS-3 portable photosynthesis system. For chlorophyll and carotenoid content 

analysis, 0.1 g of fresh tomato leaves (with veins removed) was ground into powder using liquid 

nitrogen and extracted with 80% acetone on a shaker at 400 rpm/min in darkness for 4 h. The extract 

was centrifuged at 8000 rpm/min, and the supernatant was collected. The chlorophyll and carotenoid 

contents were quantified spectrophotometrically at wavelengths of 663 nm, 647 nm, and 470 nm, 

following the method described by Niu et al. (2022) [16]. 

2.4. Measurement of Fruit Yield and Individual Fruit Weight 

After the third fertilization, all fruits that had successfully set on each plant were harvested and 

weighed using a precision balance to calculate the total fruit yield per plant. Mature fruits were 

collected and weighed individually to determine the average fruit weight. 

2.5. Measurement of Fruit Firmness and Brix 

Fruit firmness was measured at the mature stage using a penetrometer. The sweetness of the 

fruit, expressed as °Brix, was determined using a refractometer. 
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2.6. Measurement of Total Sugar, Sucrose, Reducing Sugar, and Titratable Acid Contents 

A 200 mg dry sample was dissolved in 8 ml of 80% ethanol and heated at 85°C for 30 minutes. 

The reaction mixture was then centrifuged at 3000 rpm for 5 minutes, and the supernatant was 

collected. This extraction process was repeated three times, and the supernatants were combined and 

diluted to a final volume of 50 ml.  

Total sugar content was determined using the anthrone colorimetric method. To 0.1 ml of the 

supernatant, 3.5 ml of 0.15% (w/v) anthrone reagent was added and heated at 90°C for 15 minutes. 

The absorbance was measured at 620 nm using glucose solution as a standard.  

For reducing sugar determination, 0.4 ml of the extract was diluted with 1.6 ml of ddH₂O, and 

then 1 ml of 1% (w/v) 3,5-dinitrosalicylic acid (containing 20% (v/v) 1N NaOH and 30% (w/v) sodium 

tartrate) was added. The reaction was carried out at 95°C for 5 minutes, and absorbance was 

measured at 520 nm using glucose solution as a standard.  

For sucrose determination, 0.4 ml of the extract was mixed with 0.1 ml of 30% KOH (w/v) and 

heated at 95°C for 10 minutes, followed by the addition of 3.5 ml of anthrone reagent. The reaction 

was continued at 95°C for 15 minutes, and absorbance was measured at 620 nm using sucrose solution 

as a standard. 

Titratable acidity was determined by performing an acid-base titration. A 5 g sample of the fruit 

juice or extract was diluted to a known volume with distilled water. A few drops of phenolphthalein 

indicator were added to the solution. The sample was then titrated with a standardized 0.1 M NaOH 

solution until a pale pink endpoint was reached. The volume of NaOH used was recorded, and 

titratable acidity was calculated using the following formula: Titratable 𝐴𝑐𝑖𝑑𝑖𝑡𝑦(%) =
V×𝐶×𝐸𝑚

m
 

V: volume of NaOH (ml), C: concentration of NaOH (mol/l), Em: equivalent weight of acid, m: 

weight of sample (g). 

2.7. Determination of Flavonoid Content in Fruit 

A 0.1g sample of fruit pulp was ground using liquid nitrogen, and 1ml of pre-chilled 65% ethanol 

was added and mixed thoroughly. The mixture was then extracted at 4°C in the dark for 4 hours, 

followed by centrifugation at 12,000 rpm for 20 minutes. A 50μl aliquot of the supernatant was 

collected and sequentially mixed with 0.1mL of 5% NaNO2, 0.1mL of 10% Al(NO3)3, and 0.4mL of 

2mol/L NaOH. After standing for 15 minutes, the absorbance was measured at 510 nm. Rutin (Sigma 

Chemical, St. Louis, USA) was used as the standard, and the flavonoid content was expressed as mg 

of rutin per gram of fresh weight (mg rutin·g⁻¹ FW). 

2.8. Determination of Ca and Mg Content 

The various organs of the tomato plants were separated, dried in a forced-air oven at 80°C for 2 

days, and then ground into a fine powder. A 5 ml aliquot of H2SO4 was added to the sample and 

treated overnight to ensure complete carbonization. The sample was then subjected to digestion in a 

digestion furnace at 300°C, with the addition of 30% H2O2 dropwise during the heating process until 

the solution became clear. After filtration, the total Ca and Mg concentration was measured using an 

atomic absorption spectrophotometer (flame atomic absorption method). 

2.9. Determination of Exchangeable Ca Content 

We weighed 5 g of air-dried soil samples and added 50 mL of 1 mol/L ammonium acetate 

solution. The mixture was shaken on a shaker at 70 rpm/min for 1 hour to ensure sufficient interaction 

between the Ca2+ and the exchange reagent. The extract was then filtered through filter paper, and 

the filtrate was collected. The Ca concentration in the filtrate was determined using an atomic 

absorption spectrophotometer (flame atomic absorption method). 

2.10. Determination of Ca Content in Xylem Sap 

The Ca content in xylem sap was determined using the gravimetric method [17]. Tomato plants 

were cut 0.5 cm above the root, and a plastic film was shaped into a tube and sealed at both ends 

based on the required thickness. A small amount of defatted cotton was placed inside the plastic tube 

and tied with fine thread, then weighed. The defatted cotton was placed in contact with the cut surface 
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and secured with string. After 6 hours, the plastic tube was removed and weighed again. The 

difference between the two measurements was calculated. The absorbed cotton was placed in a 

centrifuge tube, eluted with 5% HNO₃, centrifuged, and the supernatant was collected. Finally, the 

volume was adjusted to 1 mL with 5% HNO₃. The Ca concentration was determined using an atomic 

absorption spectrophotometer (flame atomic absorption method). 

2.11. Data Analysis 

All data were recorded in Excel. Statistical analysis was performed using one-way ANOVA test 

plus Duncan's multiple range test in the data processing system (DPS) software. Different letters 

indicate significant difference with p < 0.05. 

3. Results 

3.1. Lignosulfonate Maintains Soil Available Ca 

Ca in soil is generally abundant, but the availability of Ca²⁺ is influenced by the complex soil 

environment (Warton and Matthiessen, 2005). To investigate the chelating ability of lignosulfonate 

on soil Ca²⁺, we treated field soil with 1% CaCl₂ and lignosulfonate (LS, Figure 1A) for 14 days and 

measured the Ca content in the soil. The results showed that, without the application of CaCl₂, LS 

treatment did not alter the total Ca content (Figure 1B) or the exchangeable Ca content (Figure 1C) in 

the soil. However, under CaCl₂ treatment, LS treatment did not significantly affect the total Ca content 

(Figure 1B), but it significantly increased the replaceable Ca content (Figure 1C). This indicates that 

LS treatment maintains a higher level of absorbable Ca²⁺. 

 

Figure 1. Effects of lignin sulfonates on Ca2+ chelation. (A) Chemical formula of sodium lignin 

sulfonate (LS). (B) Differences in total soil Ca content. (C) Differences in soil replaceable Ca content. 

Error bars represent standard deviations (n = 3). Different letters represent significantly different 

values at P < 0.05. 

3.2. LS-Ca Fertilizer Promotes the Growth of Aboveground Parts of Tomato Plants 

To investigate the effects of different Ca fertilizers on tomato growth, we conducted pot 

experiments using ‘Micro-TOM’ tomato seedlings as the model. Four Ca fertilizers—LS-Ca, EDTA-

Ca, Ca(NO₃)₂, and SA-Ca—were applied via root irrigation and foliar spraying. The results showed 

that compared to the control, LS-Ca treatment significantly enhanced the aboveground growth of 

tomato plants (Figure 2A), with fresh and dry weights of the aboveground parts increasing by 56% 

and 67%, respectively (Figure 2B, D). In contrast, no significant differences were observed in the fresh 

and dry weights of the underground parts between LS-Ca treatment, the control, and other Ca 

fertilizers (Figure 2C, E). 
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Figure 2. Effects of different Ca fertilizer treatments on tomato growth. At the end of the third 

treatment, representative plants were photographed (A) and sampled for fresh weights in 

aboveground (B) and underground (C). Finally, dry weights in aboveground (D) and underground 

(E) were measured after the samples were completely dried. Error bars represent standard deviations 

(n = 5). Different letters represent significantly different values at P < 0.05. 

3.3. LS-Ca Fertilizer Improves Light Use Efficiency in Tomatoes 

Chlorophyll a and b, along with carotenoids, are essential pigments for photosynthesis. 

Chlorophyll a and b primarily absorb red and blue-violet light, while carotenoids mainly absorb blue-

violet light. To investigate the impact of Ca fertilizers on tomato photosynthesis, we measured the 

net photosynthetic rate and chlorophyll content in tomato leaves. The results showed no significant 

differences in the net photosynthetic rate among the Ca fertilizer treatments compared to the control 

(Figure S1). However, the LS-Ca treatment significantly increased the contents of chlorophyll a and 

chlorophyll b by 27% and 46%, respectively (Figure 3A, B). Additionally, LS-Ca treatment reduced 

the carotenoid content in leaves by 29% (Figure 3C). Studies have shown that plants utilize red light 

more efficiently than blue-violet light. Therefore, the LS-Ca treatment may enhance tomato light use 

efficiency by optimizing the absorption of light for photosynthesis. 
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Figure 3. Effects of different Ca fertilizer treatments on tomato phenotypes. After the second 

treatment, chlorophyll (A, B) and carotenoid (C) contents in tomato leaves were measured. Error bars 

represent standard deviations (n = 4). Different letters represent significantly different values at P < 

0.05. 

3.4. LS-Ca Fertilizer Enhances Ca²⁺ Uptake and Transport 

Plants absorb Ca²⁺ from the soil and transport it through the xylem to vegetative and 

reproductive organs. To investigate the effects of various chelated Ca fertilizers on Ca uptake and 

transport in tomatoes, we measured the changes in Ca²⁺ concentrations in roots, stems, and leaves 

after each of three fertilizer applications. The results revealed that, except for LS-Ca, Ca²⁺ 

concentrations in roots did not significantly change after the first and third applications for other 

treatments but increased significantly after the second application (Figure 4A-C). In contrast, LS-Ca 

treatment significantly increased root Ca²⁺ concentrations across all three applications (Figure 4A), 

indicating faster root uptake and sustained Ca availability during late tomato growth stages. Foliar 

application is a rapid and efficient method for Ca supplementation. Following Ca fertilizer 

treatments, leaf Ca²⁺ concentrations increased significantly until the third application, after which the 

concentrations plateaued (Figure 4A-C). Additionally, LS-Ca treatment notably enhanced Mg 

concentrations in roots and stems (Figure S2), suggesting that LS may also facilitate Mg²⁺ uptake and 

transport. 

Ca²⁺ absorbed by roots is transported long distances through the xylem, moving sequentially 

from roots to stems and other organs. After the first two fertilizer applications, stem Ca²⁺ 

concentrations increased significantly (Figure 4A, B), indicating enhanced Ca²⁺ transport. 

Interestingly, following the third application, only the LS-Ca treatment resulted in a significant 

increase in stem Ca²⁺ concentration compared to the control (Figure 4C), demonstrating its sustained 

efficacy in promoting Ca²⁺ transport within the plant. Moreover, xylem sap analysis revealed that LS-

Ca treatment significantly elevated Ca²⁺ concentrations compared to the control and other treatments 

(Figure 4D, E). After the third application, xylem sap Ca²⁺ concentrations in EDTA-Ca, Ca(NO₃)₂, and 

SA-Ca treatments showed no significant difference from the control, whereas LS-Ca concentrations 

were markedly higher (Figure 4F). These findings further confirm the role of lignosulfonate chelation 

in enhancing Ca²⁺ transport within the plant. 

   

 
 
 
 
  
 
 
  
 

 

    
  

 
 
 
 
  
 
 
  
 

 

  

  

 
 
  
  
 
 
  
 

 
  

 

  

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 25 November 2024 doi:10.20944/preprints202411.1769.v1

https://doi.org/10.20944/preprints202411.1769.v1


 7 

 

 

Figure 4. Effects of different Ca fertilizer treatments on Ca content in tomato. (A) After the first 

treatment, Ca contents in tomato roots, stems and leaves. (B) After the second treatment, Ca contents 

in tomato roots, stems and leaves.  (C) After the third treatment, Ca contents in tomato roots, stems, 

leaves, flowers and fruits. (D-F) Ca²⁺ concentrations in xylem sap during three times treatment. Error 

bars represent standard deviations (n ≥ 3). Different letters represent significantly different values at 

P < 0.05. 

3.5. LS-Ca Fertilizer Enhances Tomato Fruit Quality 

The bioavailability of Ca directly affects tomato fruit quality, growth, development, and the 

structure of cell membranes and cell walls (Taylor and Locascio, 2004). To investigate the effects of 

various Ca fertilizers on tomato fruit development and quality, red ripe fruits were collected, and 

their yield and quality traits were analyzed. Across treatments, while Ca fertilizer applications 

advanced flowering time and maintained higher flower numbers after the third application (Figure 

S3), there were no significant differences in total fruit weight per plant (Figure 5B). Compared to the 

control, EDTA-Ca and Ca(NO₃)₂ treatments slightly increased individual fruit weight (Figure 5A, C). 

Notably, fruit firmness in the LS-Ca treatment was significantly higher than that of the control and 

other treatments (Figure 5D). In terms of fruit quality, LS-Ca, Ca(NO₃)₂, and SA-Ca treatments 

significantly improved fruit sweetness, with LS-Ca leading to a 33% increase, while Ca(NO₃)₂ and 

SA-Ca resulted in 13% and 14% increases, respectively (Figure 5E). These findings highlight the 

superior efficacy of LS-Ca in enhancing both the structural integrity and taste quality of tomato fruits. 
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Figure 5. Effects of different Ca fertilizer treatments on fruit size, firmness and brix of tomato. After 

the third treatment, (A) representative red ripe fruit were photographed. Scale bar = 1cm. (B) The fruit 

yield. (C) single fruit weight. (D) fruit firmness. (E) soluble solid contents. Error bars represent 

standard deviations (n ≥ 5). Different letters represent significantly different values at P < 0.05. 

To explore the variations in fruit sweetness, the sugar and acid contents in the fruits were 

analyzed. Results showed that, compared to the control, LS-Ca treatment increased total sugar, 

sucrose, and reducing sugar contents by 45%, 79%, and 64%, respectively (Figure 6A-C). The reducing 

sugar content was also elevated by 46%, 33%, and 30% under EDTA-Ca, Ca(NO₃)₂, and SA-Ca 

treatments, respectively (Figure 6C). For titratable acid content, LS-Ca treatment resulted in an 18% 

increase compared to the control, whereas no significant differences were observed in other 

treatments (Figure 6D). Additionally, LS-Ca treatment significantly enhanced the flavonoid and 

carotenoid contents of the fruits, with increases of 77% and 14%, respectively (Figure 6E, F). In 

summary, our findings indicate that LS-Ca treatment enhances fruit firmness and sweetness without 

affecting fruit weight and yield. 
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Figure 6. Effects of different Ca fertilizer treatments on tomato fruit quality. After the third treatment, 

the contents of total sugar (A), reducing sugar (B), sucrose (C), titratable acid (D), flavonoids (E) and 

carotenoids (F) in tomato fruits were measured. Error bars represent standard deviations (n = 4). 

Different letters represent significantly different values at P < 0.05. 

4. Discussion 

Lignin, a natural and renewable polyphenolic polymer, is deposited in plant cell walls and 

tightly cross-linked with cellulose and hemicellulose, providing rigidity to the cell wall [18]. A 

significant portion of Ca in plants is located in the cell wall, where it binds to carboxyl groups in 

pectin, particularly pectic acid, forming Ca -pectate complexes essential for cell wall integrity [19–21]. 

This synergy between lignin and Ca within plant cell walls ensures the adaptability and durability of 

the cell wall under various environmental conditions. 

Lignin-derived materials effectively chelate elements such as Fe and Ca, promoting root 

development in rice [12]. The sulfonic and hydroxyl groups on lignosulfonates (LS) bind to soil 

particles, enhancing their resistance to wind and water erosion [22]. Additionally, lignin-based slow-

release fertilizers for Ca and Fe significantly improve the growth of plants such as holly, poplar, and 

ginseng [23]. In this study, LS-Ca fertilizer was applied to tomato cultivation and significantly 

increased the content of chlorophyll a and b in leaves during the growth stages, particularly 

chlorophyll b (Figure 3). Chloroplasts, known as organelles with a high concentration of Ca²⁺, are 

closely associated with photosynthesis. Light-dependent Ca²⁺ uptake occurs in isolated chloroplasts, 
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where Ca²⁺ is absorbed from the cytoplasm and stored either in the thylakoid lumen or bound by 

Ca²⁺-binding proteins under light conditions [24–27]. With the combined effects of root and foliar 

applications, Ca²⁺ was highly enriched in leaves. However, despite the significant increase in 

chlorophyll a and b, there were no observable changes in net photosynthesis (Pn) (Figure S1). Studies 

have demonstrated that Ca²⁺ optimizes photosynthetic performance and minimizes photooxidative 

damage. Under low light conditions, the photosynthetic electron transport system captures excitation 

energy to drive photochemical processes, while under high excitation pressure, Ca²⁺ contributes to 

the quenching of excess photons to prevent photodamage [27]. Ca has also been shown to regulate 

enzymatic activity, either catalyzing or inhibiting specific processes. Low resting free [Ca²⁺] in the 

stroma is essential for activating Calvin-Benson-Bassham (CBB) cycle enzymes, whereas high 

concentrations of Ca²⁺ can lead to the inactivation of fructose-1,6-bisphosphatase (FBPase) through 

the release of stored Ca²⁺ following light-to-dark transitions [28–30]. Thus, the increased Ca content 

may enhance leaf structural stability, improve stress resistance, or optimize resource allocation, 

without necessarily resulting in a measurable increase in Pn. 

The availability of Ca in soil is significantly influenced by pH [31]. In alkaline soils, Ca readily 

precipitates as insoluble compounds like CaCO₃ and Ca₃(PO₄)₂, making it difficult for plants to absorb 

Ca even when it is abundant. Acidic soils promote the release of Ca²⁺ but also lead to substantial Ca 

leaching during irrigation. Moreover, microbial activity in acidic soils may be reduced, limiting the 

release of organically bound Ca [32]. Additionally, other cations present in acidic soils, such as 

hydrogen ions (H⁺), ferrous ions (Fe²⁺), and manganese ions (Mn²⁺), can adversely affect Ca solubility 

[33]. Chelated Ca fertilizers provide an effective strategy for Ca supplementation. Lignin, a natural 

chelating agent extracted from plants, contains abundant hydroxyl and carboxyl functional groups 

that form stable complexes with metal ions such as iron, zinc, copper, and Ca. These chelates prevent 

metal ions from precipitating or being fixed in the soil. Compared with other chelated Ca fertilizers, 

the LS-Ca treatment resulted in a significant increase in Ca content in tomato roots after the first 

fertilization (Figure 4), indicating that LS-Ca enhances the bioavailability of Ca to plants. This trend 

persisted throughout the later stages of fertilization. Even when total Ca content in the soil remained 

constant, LS-Ca treatments mobilized many free Ca²⁺, suggesting that lignosulfonate-chelated Ca 

provides a slow and sustained release of Ca²⁺. This slow-release characteristic enhances fertilizer 

efficiency by ensuring a steady nutrient supply and minimizing nutrient loss through leaching or 

precipitation. Consequently, LS-Ca offers an efficient approach to optimizing Ca availability in 

various soil conditions, addressing challenges associated with pH-induced Ca fixation or leaching. 

Ca also plays a critical role in fruit development. During the early stages, it supports cell division 

and metabolism, while in the later stages, it contributes to cell-to-cell adhesion [15,34]. Within the cell 

wall, pectic acids bind to Ca to form Ca pectate, which serves as a structural backbone, preventing 

gel layer disintegration and enhancing cell wall strength [35]. Typically, Ca is absorbed by roots and 

transported through the xylem to various plant organs. However, only a small fraction reaches the 

fruit [36]. Efficient Ca transport within the plant is, therefore, critical for ensuring adequate Ca 

supplementation in fruits. The LS-Ca treatment not only enhanced Ca uptake but also significantly 

increased the Ca²⁺ concentration in xylem sap (Figure 4). This indicates that LS-Ca facilitates more 

efficient transport of Ca to various plant organs, including fruits. Consistent with expectations, Ca 

content in the fruit significantly increased, contributing to enhanced fruit firmness. Interestingly, the 

sweetness of tomatoes treated with LS-Ca was 33% higher than that of the control (Figure 5). 

Additionally, the contents of sugars, acids, flavonoids, and carotenoids in the fruit also showed 

varying degrees of increase (Figure 6). In the late stages of fruit ripening, the transport of water, 

sugars, and essential nutrients primarily occurs through the phloem [36–38]. However, because Ca²⁺ 

has limited mobility in the phloem, its supplementation in fruits largely depends on xylem transport 

[36]. The increased xylem transport of Ca²⁺ likely contributed to timely Ca accumulation in the fruit. 

This may have optimized the phloem’s capacity for transporting sugars and acids to the fruit. Ca in 

the cell wall also delayed fruit softening, leading to higher accumulation of sugars, acids, and other 

metabolites, ultimately improving fruit quality. 

Plants naturally produce approximately 150 billion tons of lignin annually. Additionally, the 

pulp and paper industry generates about 50 million tons of lignin as a byproduct each year [39]. This 

abundant availability makes lignin a low-cost resource. Transforming lignin into high-value 

controlled-release fertilizers not only enhances nutrient absorption by plants but also conserves 
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resources and mitigates the environmental pollution caused by lignin incineration. As a chemically 

modified material, lignin serves as an excellent carrier for nutrients. Its ability to form controlled-

release fertilizers stems from chemical interactions between lignin and nutrients, allowing for gradual 

nutrient release. With advancements in the preparation techniques for controlled-release fertilizers, 

lignin-based fertilizers hold significant potential for agricultural sustainability. They can improve 

resource use efficiency, protect agricultural ecosystems, and contribute to sustainable agricultural 

growth. By utilizing lignin, a renewable and eco-friendly resource, the agricultural sector can address 

both productivity and environmental challenges, highlighting lignin’s promising role in modern 

sustainable practices. 

5. Conclusions 

This study investigated the effects of LS-Ca, EDTA-Ca, Ca(NO3)2, and AS-Ca treatments on 

tomato growth and development. The results demonstrated that LS-Ca application significantly 

enhanced Ca absorption and transport, improving the photosynthetic efficiency of tomato leaves. 

Additionally, LS-Ca treatment increased fruit hardness and sweetness, surpassing the effects of other 

Ca fertilizers. These findings provide a theoretical foundation for optimizing tomato cultivation 

practices and improving fruit quality through the application of LS-Ca fertilizers. 
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