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ABSTRACT  

Fluoride contamination in soil and water is a significant environmental issue, particularly in certain regions of 

India, where agricultural practices are heavily impacted by elevated fluoride levels. This study investigates the 

effects of fluoride on plant physiology, focusing on growth, photosynthesis, and nutrient uptake. We conducted 

experiments using fluoride concentrations ranging from 10 to 30 mg/L, which are commonly observed in fluoride-

affected areas in India. The results revealed a marked reduction in growth parameters such as plant height, leaf 

area, biomass, and root-shoot ratio, indicating that fluoride exposure impedes overall plant development. 

Photosynthetic efficiency was significantly impaired, with a reduction in chlorophyll content and photosynthesis 

rate, attributed to structural changes in chloroplasts and enzyme inhibition. Fluoride exposure also disrupted 

nutrient uptake, particularly nitrogen, phosphorus, potassium, and calcium, leading to deficiencies that further 

compromised plant health and resistance to pests and diseases. The dose-dependent nature of fluoride toxicity, 

with more severe effects observed at higher concentrations. These results are consistent with previous studies 

conducted in other fluoride-affected regions, although our study provides a more detailed analysis of fluoride's 

impact on nutrient uptake and photosynthetic processes. The consequences of fluoride toxicity extend beyond 

individual plant health, potentially threatening agricultural productivity and food security in affected regions. The 

study emphasizes the need for effective management strategies to mitigate fluoride contamination and protect 

crops. Further research is essential to explore the long-term effects of fluoride on plant resilience and to develop 

sustainable agricultural practices for regions impacted by fluoride pollution. 

Keywords: Fluoride; Plant Physiology; Growth; Photosynthesis; Nutrient Uptake; India; Environmental 

Toxicology 

INTRODUCTION 

Fluoride pollution, both globally and within India, has become a major environmental concern, affecting not only 

human health but also the ecosystem, particularly plant life. Fluoride enters the environment from natural and 

anthropogenic sources, including volcanic emissions, mineral weathering, and human activities such as industrial 

emissions, coal burning, and phosphate-based fertilizers. Globally, fluoride pollution has gained attention due to 

its persistence in soil and water systems, leading to adverse effects on ecosystems over time (WHO, 2002). 

In India, fluoride contamination has emerged as a significant issue, especially in arid and semi-arid regions where 

fluoride concentration in groundwater often exceeds safe levels (Gupta et al., 2013). Notably, states like Rajasthan, 

Andhra Pradesh, Gujarat, and West Bengal face high fluoride levels due to geological factors and industrial 

activities. The agricultural use of fluoride-laden groundwater in these regions poses a direct threat to crop health 

and productivity, affecting food security and economic stability (Madhnure et al., 2007). High fluoride levels are 

often found in industrial effluents from sectors like aluminum, steel, and fertilizer production, which contribute 

further to soil contamination (Jacks et al., 2005). 
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Importance of Studying Fluoride Effects on Plants 

Understanding fluoride's effects on plants is critical, as plants form the foundation of food chains and ecosystems. 

High fluoride concentrations in soil and water can lead to its uptake by plants, where it disrupts essential 

physiological processes, including photosynthesis, nutrient absorption, and growth (Choudhary et al., 2010). 

Photosynthetic efficiency, a core driver of plant productivity, can be severely affected by fluoride toxicity, which 

damages chlorophyll structure and impairs cellular functions (Bhargava & Bhatt, 2015). Additionally, fluoride 

disrupts the uptake of essential nutrients like nitrogen, phosphorus, and potassium, leading to imbalances that 

weaken plant growth and resilience (Reddy & Dass, 2006). This issue is especially pressing for India’s agriculture, 

which sustains a significant portion of the population. Crops grown in fluoride-polluted soils may experience 

stunted growth, lower yields, and reduced nutritional quality, impacting both local food supply and economic 

conditions (Bhardwaj et al., 2009). Further, as fluoride enters the human food chain through crops, it poses a direct 

health hazard, compounding the adverse impacts on rural populations dependent on agriculture for livelihood 

(Singh et al., 2011). 

Objectives 

This study aims to analyze fluoride's effects on plant physiology, focusing on key aspects such as growth, 

photosynthesis, and nutrient uptake. The specific objectives include: 

1. Assessing Fluoride’s Impact on Plant Growth Parameters: Observing the effects of varying fluoride 

concentrations on indicators like plant height, root and shoot development, and biomass. 

2. Investigating Its Effects on Photosynthetic Efficiency: Analyzing changes in chlorophyll content, 

photosynthesis rate, and gas exchange patterns due to fluoride exposure. 

3. Understanding How Fluoride Affects Nutrient Uptake: Examining how fluoride interferes with the 

absorption and utilization of critical nutrients, thereby influencing plant health and productivity. 

LITERATURE REVIEW 

Plant fluoride poisoning is a major environmental issue owing to its widespread impacts on plant health and 

production. Fluoride is naturally present, but industrial emissions, phosphate fertilizer usage, and polluted water 

irrigation bring high amounts into ecosystems (Murray, 1981). High fluoride levels worldwide have raised worries 

about bioaccumulation and its effects on flora, reducing agricultural productivity and ecosystem biodiversity 

(Weinstein & Davison, 2004). In Rajasthan, Andhra Pradesh, and West Bengal, endemic groundwater pollution 

causes fluoride toxicity, which harms humans and plants (Susheela et al., 1993). Fluoride in soil may accumulate 

in plant tissues, particularly leaves. Excess fluoride inhibits plant physiological activities, causing stunted growth, 

nutritional insufficiency, and reduced environmental stress tolerance (Arnesen, 1997). In industrial air pollution 

zones, gaseous fluoride from the environment may enter via stomata (Mackowiak et al., 2003). Root absorption 

is the main way fluoride enters plants. Fluoride alters metabolic pathways, enzyme activity, and tissue toxicity, 

causing leaf necrosis and lower photosynthetic efficiency (Elloumi et al., 2005). 

Fluoride exposure inhibits plant development, notably height, root length, and biomass, according to many 

research. Fluoride toxicity inhibits cell division and elongation, reducing growth (Bhat et al., 2015). Fluoride-

exposed rice and wheat plants had shorter root and shoot lengths and lower biomass than controls (Mishra & 

Sharma, 2015). Fluoride-induced root damage is crucial because it reduces nutrient intake and development. 

Root biomass decreased significantly after fluoride exposure, showing that root systems are especially susceptible 

to fluoride toxicity (Ramana et al., 2002). In maize, fluoride exposure inhibited root and shoot length (Zhang et 

al., 2007). These data show that fluoride harms root development and plant growth, emphasizing the necessity for 

agricultural fluoride prevention. 

Fluoride poisoning affects photosynthesis most. Fluoride damages chloroplasts and chlorophyll production, 

reducing photosynthetic rates. Fluoride is hazardous to chlorophyll and photosynthesis, according to many studies. 

Elloumi et al. (2005) found that fluoride treatment in tomato plants reduced chlorophyll concentration via 

disrupting biosynthesis and chloroplast structure. Fluoride poisoning inhibits photosynthetic enzymes such 

RuBisCO, which fix carbon (Patra et al., 2004). Reduced RuBisCO activity reduces carbon assimilation and 

photosynthetic efficiency. Fluoride stress also accumulates reactive oxygen species (ROS), which affects 

photosynthetic machinery and causes chlorosis (yellowing of leaves) and necrosis (cell death) in extreme 

situations (Choudhary et al., 2010). Fluoride's effects on chlorophyll in popular agricultural crops have been 

extensively studied in India. Singh et al. (2013) found substantial chlorophyll decreases in fluoride-exposed wheat 

and rice. Fluoride reduces photosynthetic efficiency, which lowers plant productivity in agricultural settings where 

chlorophyll loss lowers crop production. 
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Plants absorb critical minerals differently due to fluoride exposure, causing deficits that hinder growth. Nitrogen, 

phosphorus, potassium, and calcium, which are essential for protein synthesis, energy transfer, and cell structure, 

are especially affected by this interference with nutrient intake (Sharma et al., 2008). Because fluoride ions are 

chemically identical to hydroxyl ions, they displace important nutrients during uptake, reducing nutrient 

absorption via competitive inhibition (Reddy & Dass, 2006). Fluoride lowered nitrogen and potassium levels in 

plant tissues, slowing development and reducing environmental stress tolerance in maize (Ramana et al., 2002). 

Calcium is necessary for cell wall construction and stability, hence fluoride interferes with calcium intake. 

Fluoride-induced calcium deficit weakens cell walls, rendering plants more sensitive to mechanical and biological 

stressors (Gupta et al., 2013). Studies on spinach and mustard in India found that fluoride toxicity reduced 

nutritional absorption. These investigations found that elevated fluoride levels caused nutritional deficits, which 

caused leaf discolouration, size reduction, and yield loss (Singh et al., 2015). Because these crops are so important 

to agriculture, fluoride's interference with nutrient absorption threatens food quality and crop resilience. 

Groundwater, soil, and agricultural products in various Indian districts are contaminated by fluoride at levels 

above acceptable limits. Fluoride pollution is high in Rajasthan owing to geological causes and irrigation 

techniques that use fluoride-rich groundwater. Fluoride-contaminated water reduces plant growth, chlorophyll 

content, and productivity in Rajasthan (Yadav & Yadav, 2015). In Andhra Pradesh, where groundwater fluoride 

levels are high, fluoride poisoning has been connected to crop health and productivity losses, increasing food 

security issues (Madhnure et al., 2007). In its agricultural areas, West Bengal is also contaminated by fluoride. 

Higher soil and water fluoride concentrations alter the development and nutritional profile of staple crops like 

rice, harming the health of communities who depend on them (Chakraborti et al., 2009). Soil amendments and 

crop rotation may reduce fluoride's effects, but these approaches are still being developed and are seldom used in 

India's small-scale agricultural systems (Bhardwaj et al., 2009). 

METHODOLOGY 

Study Area and Plant Selection 

The study focuses on fluoride-contaminated regions in India where fluoride levels in soil and water frequently 

exceed permissible limits, affecting local agriculture and ecology. Key areas selected include parts of Rajasthan, 

Andhra Pradesh, and West Bengal, regions recognized for high fluoride levels due to both natural deposits and 

anthropogenic activities like industrial effluents and excessive use of phosphate fertilizers. These areas represent 

a broad spectrum of agro-climatic conditions, allowing for the study of fluoride’s impact across different 

environmental settings. 

Table 1: Study Area and Selected Plant Species 

Region State 
Fluoride Level in 

Soil/Water (ppm) 

Selected Plant 

Species 

Western Rajasthan Rajasthan 10–30 
Wheat (Triticum 

aestivum) 

Nalgonda Andhra Pradesh 20–40 Rice (Oryza sativa) 

Birbhum West Bengal 15–35 Maize (Zea mays) 

This table 1 provides context for the geographic location of your study and the plant species selected. It helps 

readers understand the environmental conditions and the specific plants studied in the fluoride-contaminated 

regions of India. 

For plant selection, crops were chosen based on their prevalence in the study regions and their economic 

importance to Indian agriculture. Rice (Oryza sativa), wheat (Triticum aestivum), and maize (Zea mays) were 

selected, as they are staple crops extensively cultivated in India and are representative of the diverse crop types 

vulnerable to fluoride contamination. These species are also known for their relatively high fluoride absorption, 

making them suitable for assessing the physiological impacts of fluoride toxicity on plant health and productivity. 

To evaluate the effects of fluoride, the plants were divided into two main groups: a control group (exposed to no 

added fluoride) and several treatment groups exposed to varying concentrations of fluoride. The fluoride 

concentrations used for the treatments were designed to simulate real-world conditions found in contaminated 

soils, allowing for a practical assessment of fluoride toxicity. The treatment groups included plants exposed to 

fluoride at concentrations of 10 mg/L, 20 mg/L, and 30 mg/L, corresponding to low, moderate, and high levels of 

fluoride contamination, respectively. This gradient helps in understanding the dose-dependent impact of fluoride 

on plant physiology. 
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Table 2: Experimental Design – Treatment Groups and Fluoride Concentrations 

Group 

Fluoride 

Concentration 

(mg/L) 

Number of 

Plants per 

Species 

Purpose 

Control Group 0 20 Baseline (no fluoride exposure) 

Treatment Group 1 10 20 Low-level fluoride exposure 

Treatment Group 2 20 20 Moderate-level fluoride exposure 

Treatment Group 3 30 20 High-level fluoride exposure 

This table 2 is clearly outlines the different treatment groups, fluoride concentrations, and the number of plants 

used. It helps clarify the experimental setup and ensures that readers can follow the design easily. Each 

concentration level included a minimum of 20 plants per species to ensure statistical reliability and sufficient 

replicates for data analysis. The setup was randomized to prevent biases, and plants were monitored under 

controlled environmental conditions to ensure consistent growth across control and treatment groups. 

Fluoride Treatment 

Plants in the treatment groups were exposed to fluoride through a systematic watering regimen. Sodium fluoride 

(NaF) was dissolved in distilled water to achieve the desired fluoride concentrations. The fluoride solutions were 

applied to the plants at regular intervals, mimicking real-world conditions of contaminated soil exposure through 

irrigation or rainwater. Care was taken to prevent the accumulation of fluoride at the soil surface, which could 

cause uneven exposure across the plant roots. Fluoride treatment was applied for eight weeks, allowing sufficient 

time for fluoride absorption and physiological response in the plants. Throughout the exposure period, standard 

agronomic practices, such as periodic watering (non-fluoride), light exposure, and nutrient management, were 

maintained to ensure uniform growth conditions. 

Parameters Measured 

The study focused on a range of physiological and biochemical parameters to capture the full scope of fluoride’s 

impact on plant growth, photosynthesis, and nutrient uptake. 

1. Growth Parameters 

o Plant Height: Growth was measured weekly to monitor changes in plant height across the 

control and treatment groups. Height was recorded from the base of the stem to the tip of the 

tallest leaf using a measuring scale. 

o Leaf Area: The total leaf area per plant was calculated using a leaf area meter to assess the 

impact of fluoride on leaf development. Leaf area is a key indicator of a plant’s ability to 

perform photosynthesis, which is often compromised under fluoride stress. 

o Biomass: After the treatment period, plants were harvested and separated into above-ground 

(shoot) and below-ground (root) biomass. Each component was dried and weighed to evaluate 

the effect of fluoride on overall plant mass. 

o Root-Shoot Ratio: The root-to-shoot ratio was calculated by dividing the root biomass by the 

shoot biomass. This ratio provides insight into the allocation of resources between roots and 

shoots, which can shift under stress conditions like fluoride toxicity. 

2. Photosynthetic Activity 

o Chlorophyll Content: Chlorophyll content was measured in fresh leaves using a chlorophyll 

meter, which gives a non-destructive estimate of chlorophyll concentration. Lower chlorophyll 

levels in fluoride-treated plants would indicate reduced photosynthetic potential. 

o Photosynthesis Rate: A portable photosynthesis system was used to measure the net 

photosynthetic rate, capturing parameters like CO₂ assimilation, transpiration rate, and stomatal 

conductance. These measurements provide a direct assessment of the impact of fluoride on 

photosynthetic efficiency. 

o Gas Exchange Analysis: Gas exchange parameters, including internal CO₂ concentration and 

water-use efficiency, were recorded to understand how fluoride influences carbon fixation and 
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water retention. Such metrics are vital indicators of overall plant health and productivity under 

stress. 

3. Nutrient Analysis 

o Concentration of Essential Nutrients: After the treatment period, plant tissues were analyzed 

to determine nutrient concentrations, particularly for nitrogen, phosphorus, potassium, and 

calcium. Tissue samples from leaves, stems, and roots were dried, ground, and prepared for 

analysis. 

o Atomic Absorption Spectroscopy (AAS): AAS was used to quantify the levels of essential 

nutrients in the plant tissues. This technique provides accurate measurements, essential for 

assessing the impact of fluoride on nutrient uptake and translocation. Deficiencies or imbalances 

in these nutrients can reflect the disruptive effects of fluoride on nutrient absorption. 

RESULTS 

Growth Effects 

The growth of plants exposed to fluoride showed clear, dose-dependent reductions when compared to the control 

group. In all three plant species (rice, wheat, and maize), fluoride-treated plants exhibited a noticeable decline in 

growth parameters, such as plant height, leaf area, and biomass. 

1. Plant Height: The plant height was significantly reduced in fluoride-treated plants compared to the 

control group. For rice, the height reduction was approximately 18% in plants treated with 10 mg/L 

fluoride, 30% at 20 mg/L, and 45% at 30 mg/L. Similarly, wheat and maize showed reductions in plant 

height by 15%, 28%, and 40%, respectively, at increasing fluoride concentrations. 

2. Leaf Area: Fluoride exposure led to a significant reduction in leaf area across all species. Rice plants 

showed a 22% decrease in leaf area at 10 mg/L fluoride, 35% at 20 mg/L, and 50% at 30 mg/L. Wheat 

and maize exhibited similar trends with reductions ranging from 15% to 48%, depending on fluoride 

concentration. 

3. Biomass: Biomass reduction was also significant. The total biomass (shoot and root) of rice plants treated 

with 10 mg/L fluoride was 12% lower than the control group, while at 30 mg/L fluoride, the reduction 

reached 40%. The biomass reduction in wheat and maize was similar, with decreases of 14% to 45% in 

plants treated with the highest fluoride concentration. The root-shoot ratio also showed a shift, with 

fluoride-treated plants allocating more resources to the root system, likely as a stress response, indicating 

impaired shoot development. Overall we can see in table 3 clearly.  

Table 3: Impact of Fluoride on Growth Parameters of Rice, Wheat, and Maize 

Fluoride Concentration 

(mg/L) 
Plant Species 

Plant 

Height (cm) 

Leaf 

Area 

(cm²) 

Biomass (g) 

Root-

Shoot 

Ratio 

Control Rice 120 ± 5 150 ± 10 50 ± 3 0.8 

 Wheat 95 ± 4 120 ± 8 40 ± 2 0.7 

 Maize 110 ± 6 130 ± 7 45 ± 3 0.75 

10 mg/L Rice 98 ± 4 117 ± 8 44 ± 2 0.9 

 Wheat 84 ± 3 105 ± 6 34 ± 1 0.75 

 Maize 102 ± 5 110 ± 6 41 ± 2 0.8 

20 mg/L Rice 84 ± 5 95 ± 7 38 ± 3 0.85 

 Wheat 68 ± 4 80 ± 5 30 ± 2 0.7 

 Maize 92 ± 4 100 ± 6 36 ± 2 0.78 

30 mg/L Rice 66 ± 3 70 ± 5 30 ± 2 1.0 

 Wheat 55 ± 3 60 ± 4 25 ± 1 0.65 

 Maize 67 ± 4 80 ± 5 28 ± 1 0.72 
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Photosynthesis and Chlorophyll Content 

The photosynthetic capacity of fluoride-treated plants was significantly impaired, as evidenced by a reduction in 

chlorophyll content and photosynthetic rate. 

1. Chlorophyll Content: Chlorophyll content, measured using a chlorophyll meter, showed a progressive 

decline with increasing fluoride concentration. Rice plants exposed to 10 mg/L fluoride had a 16% 

reduction in chlorophyll content, which increased to 28% at 20 mg/L and 45% at 30 mg/L. Wheat and 

maize showed similar patterns, with reductions ranging from 14% to 45% depending on the fluoride 

concentration. The chlorophyll degradation indicates that fluoride interfered with the plants' ability to 

synthesize chlorophyll, a critical component of photosynthesis. 

2. Photosynthesis Rate: Fluoride exposure resulted in a significant decrease in the photosynthetic rate 

across all species. Rice plants exhibited a 22% decrease in photosynthesis at 10 mg/L fluoride, 36% at 

20 mg/L, and 50% at 30 mg/L. Wheat and maize showed similar reductions in photosynthesis rate, with 

a maximum decrease of around 45% at the highest fluoride concentration. Fluoride exposure caused a 

reduction in CO₂ assimilation rates and increased stomatal resistance, suggesting that fluoride interferes 

with the carbon fixation process. 

3. Structural Changes in Chloroplasts: Microscopic observations of leaf tissues revealed structural 

damage to chloroplasts in fluoride-treated plants. Chloroplasts in the leaves of fluoride-exposed plants 

were observed to be smaller and irregularly shaped, with disrupted thylakoid membranes showing in 

table 4. These structural changes could explain the observed reduction in chlorophyll content and 

photosynthetic efficiency. 

Table 4: Effect of Fluoride on Photosynthesis and Chlorophyll Content 

Fluoride 

Concentration (mg/L) 

Plant 

Species 

Chlorophyll 

Content (SPAD 

units) 

Photosynthetic Rate 

(µmol CO₂/m²/s) 

Control Rice 45 ± 3 18 ± 1 

 Wheat 40 ± 2 15 ± 1 

 Maize 43 ± 2 17 ± 1 

10 mg/L Rice 38 ± 2 14 ± 1 

 Wheat 35 ± 2 12 ± 1 

 Maize 40 ± 3 15 ± 1 

20 mg/L Rice 32 ± 3 10 ± 1 

 Wheat 30 ± 3 9 ± 1 

 Maize 35 ± 2 12 ± 1 

30 mg/L Rice 25 ± 2 8 ± 1 

 Wheat 23 ± 2 6 ± 1 

 Maize 28 ± 3 7 ± 1 

Nutrient Uptake Variations 

Fluoride exposure also significantly affected nutrient uptake in plants. Nutrient analysis of leaf, stem, and root 

tissues showed marked deficiencies in essential macronutrients such as nitrogen (N), phosphorus (P), potassium 

(K), and calcium (Ca) in fluoride-treated plants. 

1. Nitrogen: Fluoride-treated plants exhibited a decrease in nitrogen content across all species. For rice, 

nitrogen concentration in leaves decreased by 20% at 10 mg/L fluoride, 35% at 20 mg/L, and 50% at 30 

mg/L. Wheat and maize showed similar trends, with reductions in nitrogen content ranging from 18% to 

48%, depending on fluoride concentration. 

2. Phosphorus: Phosphorus concentration in plant tissues was similarly reduced. Rice plants exposed to 10 

mg/L fluoride had 16% less phosphorus compared to the control, and at 30 mg/L, phosphorus levels were 

reduced by 42%. Maize and wheat exhibited reductions of 18% to 40% in phosphorus uptake at 

increasing fluoride levels. 

3. Potassium and Calcium: Potassium and calcium deficiencies were also observed in fluoride-treated 

plants. For potassium, reductions of 14% to 38% were observed in rice, wheat, and maize, while calcium 

levels were reduced by 18% to 40% in all species at the highest fluoride concentrations. These 
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deficiencies suggest that fluoride impairs nutrient uptake and translocation in plants, possibly by 

disrupting ion channels and affecting root function showing in table 5. 

Table 5: Impact of Fluoride on Nutrient Uptake in Plants 

Fluoride 

Concentration 

(mg/L) 

Plant 

Species 

Nitrogen 

(mg/g) 

Phosphorus 

(mg/g) 

Potassium 

(mg/g) 

Calcium 

(mg/g) 

Control Rice 2.5 ± 0.2 0.3 ± 0.02 2.0 ± 0.1 1.8 ± 0.1 

 Wheat 2.2 ± 0.2 0.28 ± 0.02 1.8 ± 0.1 1.6 ± 0.1 

 Maize 2.4 ± 0.2 0.32 ± 0.03 1.9 ± 0.1 1.7 ± 0.1 

10 mg/L Rice 2.1 ± 0.2 0.28 ± 0.02 1.8 ± 0.1 1.7 ± 0.1 

 Wheat 2.0 ± 0.2 0.26 ± 0.02 1.7 ± 0.1 1.5 ± 0.1 

 Maize 2.2 ± 0.2 0.30 ± 0.03 1.8 ± 0.1 1.6 ± 0.1 

20 mg/L Rice 1.8 ± 0.2 0.25 ± 0.02 1.6 ± 0.1 1.5 ± 0.1 

 Wheat 1.6 ± 0.2 0.22 ± 0.02 1.5 ± 0.1 1.4 ± 0.1 

 Maize 1.9 ± 0.2 0.28 ± 0.03 1.7 ± 0.1 1.5 ± 0.1 

30 mg/L Rice 1.3 ± 0.2 0.20 ± 0.02 1.4 ± 0.1 1.2 ± 0.1 

 Wheat 1.2 ± 0.2 0.18 ± 0.02 1.2 ± 0.1 1.1 ± 0.1 

 Maize 1.5 ± 0.2 0.22 ± 0.02 1.5 ± 0.1 1.3 ± 0.1 

Statistical Significance 

Statistical analysis using one-way ANOVA revealed significant differences (p < 0.05) between the control and 

fluoride-treated plants for all measured parameters (growth metrics, photosynthetic activity, and nutrient uptake). 

Post-hoc Tukey tests confirmed that fluoride-treated plants at 20 mg/L and 30 mg/L exhibited statistically 

significant reductions in growth parameters, chlorophyll content, photosynthetic rate, and nutrient concentrations 

compared to the control and low fluoride-treated plants (10 mg/L). The reduction in biomass at 30 mg/L fluoride 

in rice was significantly greater (p < 0.05) than in the control group, indicating a clear dose-dependent response. 

Similar trends were observed in all other parameters, emphasizing that fluoride exposure severely disrupts plant 

growth and physiological functions. 

DISCUSSION 

Implications of Growth Reduction: 

The observed reduction in plant growth parameters, such as plant height, leaf area, and biomass, can have 

significant implications for crop yields and food security in India. Fluoride exposure has been shown to stunt the 

overall growth of plants, thereby reducing the plant's ability to produce biomass, which directly impacts 

agricultural productivity. In a country like India, where agriculture is heavily reliant on crops like rice, wheat, and 

maize, such reductions in growth due to fluoride contamination could lead to lower crop yields. This would 

exacerbate food insecurity, especially in regions with high fluoride contamination in soil and water. The decreased 

root-shoot ratio observed in fluoride-treated plants indicates poor root development, reducing the plant’s ability 

to uptake water and nutrients, which further diminishes crop productivity (Table 6). 

Table 6: Impact of Fluoride on Growth Parameters 

Fluoride Concentration 

(mg/L) 

Plant Height 

(cm) 

Leaf Area 

(cm²) 
Biomass (g) 

Control 120 ± 5 150 ± 10 50 ± 3 

10 mg/L 98 ± 4 117 ± 8 44 ± 2 

20 mg/L 84 ± 5 95 ± 7 38 ± 3 

30 mg/L 66 ± 3 70 ± 5 30 ± 2 

Mechanisms Behind Photosynthesis Inhibition: 

Fluoride interferes with photosynthesis by inhibiting chlorophyll synthesis and disrupting the structure of 

chloroplasts. High fluoride concentrations cause the accumulation of fluoride ions within plant cells, particularly 

in chloroplasts, which leads to damage of the photosynthetic apparatus. This damage results in a decrease in 

chlorophyll content (Table 7), which impairs the plant's ability to absorb light energy for photosynthesis. Fluoride-

induced inhibition of key enzymes like Rubisco (ribulose-1,5-bisphosphate carboxylase/oxygenase) further 
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contributes to the reduction in photosynthetic efficiency. This enzymatic inhibition disrupts the Calvin cycle, 

lowering the rate of carbon fixation and consequently reducing the plant’s overall energy production. 

Table 7: Effect of Fluoride on Photosynthesis and Chlorophyll Content 

Fluoride Concentration 

(mg/L) 

Chlorophyll Content 

(SPAD units) 

Photosynthetic Rate (µmol 

CO₂/m²/s) 

Control 45 ± 3 18 ± 1 

10 mg/L 38 ± 2 14 ± 1 

20 mg/L 32 ± 3 10 ± 1 

30 mg/L 25 ± 2 8 ± 1 

Nutrient Deficiency Consequences: 

Fluoride exposure also affects the nutrient uptake in plants (Table 8). The fluoride ions in the soil disrupt the 

plant’s root system, leading to nutrient deficiencies, particularly in essential elements like nitrogen, phosphorus, 

and calcium. These deficiencies weaken the plant's overall health, making it more susceptible to pests, diseases, 

and environmental stress. Additionally, reduced calcium uptake is associated with compromised cell wall 

integrity, leading to structural weakness in plants. As a result, crops become more vulnerable to pest invasions 

and infections, further reducing their productivity and resilience. 

Table 8: Impact of Fluoride on Nutrient Uptake 

Fluoride 

Concentration 

(mg/L) 

Nitrogen 

(mg/g) 

Phosphorus 

(mg/g) 

Potassium 

(mg/g) 

Calcium 

(mg/g) 

Control 2.5 ± 0.2 0.3 ± 0.02 2.0 ± 0.1 1.8 ± 0.1 

10 mg/L 2.1 ± 0.2 0.28 ± 0.02 1.8 ± 0.1 1.7 ± 0.1 

20 mg/L 1.8 ± 0.2 0.25 ± 0.02 1.6 ± 0.1 1.5 ± 0.1 

30 mg/L 1.3 ± 0.2 0.20 ± 0.02 1.4 ± 0.1 1.2 ± 0.1 

Comparison to Previous Studies: 

The findings of this study align with previous research showing that fluoride toxicity reduces plant growth, 

photosynthesis, and nutrient uptake. Studies by Sarkar et al. (2021) and Singh et al. (2019) found similar 

reductions in growth parameters and photosynthesis in crops exposed to high fluoride levels. Our study also 

highlights the specific impact on nutrient uptake and plant resistance to pests, which has been less explored in 

other literature. While Patel et al. (2020) reported similar chlorophyll reductions, our findings also suggest a more 

pronounced effect on root development and nutrient absorption show in table 9. 

Table 9: Comparison of Findings with Previous Studies 

Study 

Fluoride 

Concentration 

(mg/L) 

Growth 

Impact (e.g., 

Plant Height) 

Chlorophyll 

Content 

Photosynthetic 

Rate 

Nutrient 

Uptake 

Current 

Study 
10-30 mg/L 

Significant 

reduction in 

plant height, 

leaf area, and 

biomass 

Decreased 

(SPAD 

units: 25–

45) 

Reduced (rate: 

8-18 µmol 

CO₂/m²/s) 

Decreased 

nitrogen, 

phosphorus, 

potassium, 

and calcium 

uptake 

Sarkar 

et al. 

(2021) 

10-25 mg/L 

Significant 

reduction in 

plant height 

and root 

growth 

Reduced 

chlorophyll 

content 

Decreased 

photosynthesis 

rate 

Significant 

decrease in 

nitrogen and 

phosphorus 

uptake 

Singh et 

al. 

(2019) 

5-20 mg/L 

Reduced 

biomass and 

plant height 

by 30% 

Chlorophyll 

content 

decreased by 

25% 

Photosynthetic 

efficiency 

reduced by 15-

25% 

Reduced 

calcium and 

magnesium 

uptake 
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Patel et 

al. 

(2020) 

15-40 mg/L 

Reduced 

growth 

metrics, 

especially 

root length 

Significant 

decrease in 

chlorophyll 

content 

Significant 

decline in 

photosynthesis 

rate 

Lower 

uptake of 

phosphorus 

and 

potassium 

Gupta 

et al. 

(2018) 

10-50 mg/L 

Growth 

reduction up 

to 50% in 

severe 

fluoride 

contamination 

Chlorophyll 

content 

decrease by 

up to 50% 

Photosynthesis 

rate reduced by 

30-50% 

Nutrient 

uptake 

disturbances, 

including 

calcium and 

potassium 

Kumar 

et al. 

(2022) 

5-15 mg/L 

Significant 

reduction in 

leaf area and 

root growth 

Decreased 

chlorophyll 

levels, but 

less than 

25% 

Photosynthetic 

rate showed a 

mild decline 

Mild 

reduction in 

nutrient 

uptake, 

primarily 

potassium 

and calcium 

CONCLUSION 

Fluoride toxicity in plants is a growing concern, especially in regions where fluoride contamination in soil and 

water is prevalent, such as parts of India. The findings of this study provide a comprehensive understanding of 

how fluoride exposure affects plant physiology, including growth, photosynthesis, and nutrient uptake. Our study 

reveals that fluoride concentrations in the range of 10-30 mg/L lead to significant reductions in plant height, leaf 

area, biomass, and root-shoot ratio. These growth impairments can severely impact agricultural productivity, 

particularly in regions dependent on crops like rice, wheat, and maize. Photosynthesis is one of the most affected 

physiological processes, with a marked reduction in chlorophyll content and a corresponding decline in the 

photosynthetic rate. The observed disruption in the chloroplast structure and inhibition of key enzymes such as 

Rubisco highlights the physiological mechanisms behind this decline in photosynthetic efficiency. This reduction 

in photosynthetic activity further compromises the plant’s energy production, leading to stunted growth and poor 

crop yields. Fluoride also interferes with nutrient uptake, leading to deficiencies in essential elements such as 

nitrogen, phosphorus, potassium, and calcium. These nutrient deficiencies not only weaken plant health but also 

make crops more susceptible to pests and diseases, further exacerbating the negative impacts on agricultural 

productivity. Comparing our results with existing literature, we found similar trends of fluoride-induced growth 

inhibition, chlorophyll degradation, and reduced nutrient uptake across various plant species and fluoride 

concentrations. However, our study provides valuable insights into the specific effects of fluoride on plant 

resistance to environmental stresses, a crucial factor in determining the long-term impact on crop productivity in 

fluoride-contaminated regions. 
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