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 Cation-Anion Balance in Soils and Plants: Mechanisms, Interactions, and Implications in Soil Fertility Management
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	Cation-anion balance plays a pivotal role in determining soil health, nutrient availability, and plant physiological function. Imbalances in ionic composition can significantly affect soil fertility, microbial activity, nutrient uptake, and crop productivity. This review synthesizes recent advances in understanding the dynamics of cation-anion equilibrium in soils and plants, highlights the key mechanisms maintaining ionic balance, and explores factors influencing nutrient interactions. The implications of imbalance on plant growth, soil structure, and environmental health are discussed alongside strategies for monitoring and maintaining optimal ionic ratios for sustainable agricultural productivity.
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1. INTRODUCTION    
The world is facing a severe challenge to meet the food demand of the ever- increasing population. On the contrary, agriculture is increasingly threatened by climate change, soil degradation, imbalanced nutrient application, incidence of pest and diseases which pose significant risk to global food security. Soil, being a finite resource is the ultimate source of nutrients for plant growth and its management is very crucial for attaining sustainable agricultural production. Plant requires 17 essential elements for their proper growth and development. Apart from carbon (C), hydrogen (H) and oxygen (O), plant need six major macro minerals, such as nitrogen (N), phosphorous (P), potassium (K), magnesium (Mg), sulfur (S) and calcium (Ca), and micronutrient minerals covering iron(Fe), zinc (Zn), manganese (Mn), copper (Cu), boron (B), molybdenum (Mo), chlorine (Cl) and nickel (Ni) that are essential for driving plant growth and development. These elements are absorbed by plants predominantly in ionic forms—either as cations (e.g., NH₄⁺, K⁺, Ca²⁺) or anions (e.g., NO₃⁻, SO₄²⁻, PO₄³⁻) (Chopra and Kanwar, 1986).



The ionic composition of soil plays major role in influencing the soil reaction, physical properties, soil fertility, and soil biological activity. Because of the variations in the chemical composition of the soil, the character of the soil varies. Monitoring the chemical composition of soil is crucial as it varies frequently due to many factors such as weather and plants (Ramesh and Rajeshkumar, 2021).  The ionic balance is crucial for the proper uptake and functioning of individual ions. All nutrients are essential to the physiological processes that allow plants to grow properly and deficiencies in any one of these nutrients result in specific diseases. A plant needs certain nutrients in greater amounts than others, yet they are all necessary for the plant to finish its life cycle (Karthika et al., 2018). Plants can only absorb and use a part of the total amount of nutrients present in the soil. Numerous soil, plant, and environmental factors affect this proportion, which changes depending on the nutrients present in the soil (Marschner and Rengel, 2023). It is very important to maintain the cation anion balance in soils as well as in plants as its imbalance can lead to soil acidification, soil salinization, reduction in yield and retarded plant growth (Adams, 1981). Soil acidification has affected about 48 million hectares (MHa) out of 142 MHa of arable land in India. By 2050, around 50 per cent of India’s arable land will be salt affected (Kumar and Sharma, 2020). 	Comment by akarsh sv: Disorders 	Comment by akarsh sv: complete	Comment by akarsh sv: Not clear


2. UNDERSTANDING CATION-ANION BALANCE IN SOILS AND PLANTS
Cation-anion balance refers to the equilibrium between positively charged ions (cations) and negatively charged ions (anions) within soil or plant systems (Banwart and Pierre, 1975). This balance is essential for maintaining soil pH, fertility, salinity levels, and plant physiological functions (Ludwig et al., 1997; Horst, 1995). In plants, monitoring cation -anion balance can be used to predict nutrient status, plant growth development, disease resistance and stress8 (Ludwig et al., 1997). If the pH of the cytoplasm of the root cell is higher, excessive cation uptake by the roots will occur. Likewise, excess anion uptake occurs when the cytosolic pH is low (Horst, 1995). Absorption rate of cation equals the absorption rate of accompanying anion in plants. Cations are exchanged for internal cations and anions are exchanged for internal anions. Plants regulate this balance via proton extrusion (H⁺) or OH⁻/HCO₃⁻ release depending on the relative uptake of cations or anions. Plants generally extrude net excess H+ when cation uptake exceeds anion uptake, similarly net excess of OH-/HCO3- or consume H+ when anion uptake exceeds cation uptake (Tang and Rengel, 2003). Plant system maintains their ionic balance by ion exchange between plasma membrane and tonoplast (Helyar and porter, 1989). The Ionic balance is also maintained by the formation and breakdown of carboxylic group (Reid and Smith, 2002).   	Comment by akarsh sv: italics	Comment by akarsh sv: Not clear
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Fig. 1 The schematics of process coupling and the simple reactions (Source: Fang et al., 2019)



3. MECHANISMS OF CATION-ANION BALANCE IN SOILS
Ion exchange is the primary mechanism by which soils maintain cation-anion balance and is considered as the most important chemical reaction on earth after photosynthesis. Ion Exchange Capacity (IEC) indicate how well the soil can attract and keep charged particles, which is important for providing nutrients to plants and maintaining healthy soil (Leue et al., 2019). It is important for retaining and increasing the nutrient status of the soil (Asadzadeh et al., 2019). By retaining nutrients in the surface layer, it minimizes nutrient loss through leaching. It prevents groundwater from being polluted by harmful substances and thereby lowers water pollution (Laird et al., 2010). Dry matter production and yield of the crop increase as CEC of the soil increases (Ullah et al., 2020). Soil reclamation processes involve ion exchange whether it is acid soil or alkaline soil (Rendana et al., 2018). The total ion exchange capacity (IEC) consists of the sum of the cation exchange capacity (CEC) and anion exchange capacity (AEC) (Ciesielski et al., 1997). The organic matter (humus), amorphous colloids, and colloidal clay minerals are the sources of ion exchange (both cation and anion exchange) in soils. Colloidal fractions of the soil have electrically charged surface area, which can reserve the cations and anions (Kloster et al., 2019). The kinds of soil and the quantity of charge in the layer lattice colloidal structure determines the ion exchange reactions. CEC, often considered a fertility index, depends on soil clay type, organic matter content, and pH (Manrique et al., 1991; Kloster et al., 2019). The CEC increases with the high negative charge in the lattice surface. In the lattice layer charge, various cations are adsorbed with varying adsorption strengths (Leontidis, 2017). The relative strength of adsorption for different cations is in the order of Al3+ > H+ > Ca2+ > Mg2+ > K+ = NH4 + > Na+ (Allen, 2017). Whereas, the relative strength of adsorption for different anions is of the order H2PO4- > SO42- > NO3- = Cl- (Penn and Camberato, 2019). High CEC reduces the leaching loss of various nutrients from the soil by retaining different cations (Shiri et al., 2017).  Several factors including soil texture, organic matter content, and kinds and nature of clay minerals influence development in soil (Kumar et al., 2020).  Positive charge of the soil develops either from rupture of planes of the structural units or from the resulting edge charges of iron and aluminium. These charges will induce adsorption of anions26 (Zelazny et al., 1996). A strong AEC is induced by the polymers of aluminium hydroxides and iron oxides (Schwertmann and Taylor, 1989). 
 
4. MECHANISMS OF CATION-ANION BALANCE IN PLANTS
  	Maintenance of ionic balance in plants is essential for the plants to adjust to environmental stress and uphold physiological processes.	Comment by akarsh sv: them
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Fig. 2 Proton pumping (Source: Cosse and Siedel, 2021)
Fig. 3 Plant transport proteins (Wu et al., 2021)
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Fig. 5 Internal compartmentalization (Source: Nimbolkar et al., 2020)

Fig. 4 Ion selectivity (Source: Pardo and Quintero, 2002)


		
Proton pumping plays a crucial role in maintaining ionic balance in plants by driving the active transport of ions across the cellular membranes. It is vital for the various physiological functions, including nutrient uptake, pH regulation and cellular homeostasis (Cosse and Seidel, 2021).  Transport proteins facilitate the passive movement of specific ions like Ca2+, K+ and Cl- across the membrane according to their electrochemical gradients. It uses energy from electrochemical gradients to move in or out of the cell (Gill et al., 2021).  Ion selectivity is crucial for maintaining ionic balance in plants. It is the ability of specific ion channels, pumps and transporters to discriminate between ions, allowing only certain ions to pass through cellular membranes while excluding others. It ensures that plant absorb right ions in appropriate amounts (Vardar et al., 2015).  
Internal compartmentalization allows the plants to absorb essential nutrients, such as K+, Ca2+, Mg2+, nitrate and phosphate while excluding potentially toxic ions. It maintains ionic balance in plants by sequestering ions in specific organelles, regulating pH and protecting the cytoplasm from toxic ion levels (Sharma et al., 2016). Cai et al. (2019) conducted a study to know the role of transport protein OsHMA3 in cation anion balance. They selected four accessions of rice viz., Nipponbare, Taichung 65, Jarjan, and Anjana Dhan. Nipponbare and Taichung 65 had the functional OsHMA3 allele whereas the allele was nonfunctional in Jarjan and Anjana Dhan. The seeds were treated with 0.5 mM CaCl2 solution containing 0, 0.04, 0.4, 4 or 40 µM ZnSO4 for 24 h. The cation anion balance is interrupted by inducing Zn toxicity. Then the relative root elongation of the four rice seedlings was measured. Nipponbare and Taichung 65 with the functional OsHMA3 allele, the root elongation was not inhibited upto 4µM. But elongation was reduced in Jarjan and Anjana Dhan from 0.04 µM. At 4µM, the root elongation was decreased to 69.2 per cent and 74.1 per cent in Jarjan and Anjana Dhan. The functional OsHMA3 helped to detoxify the Zn toxicity and maintained the cation anion balance.  
5. NUTRIENT INTERACTIONS AND IONIC BALANCE
   	Basically, there are two kinds of interactions between nutrient -synergism and antagonism and can affect ionic balance. Synergism is a positive effect between nutrients and antagonism is a negative effect between nutrients. These interactions depend on soil type, physical properties and proportion of participating nutrients. Optimum supply of nitrogen ensures optimum uptake of potassium as well as phosphorus, magnesium, iron, manganese, and zinc from the soils. On the contrary, excessive amounts of nitrogen reduce the uptake of phosphorus, potassium and iron. Excessive amounts of phosphorus reduce the uptake of cationic micronutrients like iron, manganese, zinc, and copper (Malvi, 2011). Phosphorus and Zn have a negative interaction in plants, which reduce the plant growth and development by creating ionic imbalance. High amount of boron can reduce the uptake and utilization of calcium.  
 Thampi and Thomas (2018) reported that uptake of nitrogen and phosphorus increased with the increased application of magnesium. On the other hand, increased levels of magnesium resulted in decreased uptake of potassium due to antagonistic interaction. It created an ionic imbalance in plants.   A study conducted by Fageria and Stone (2006) demonstrated that as the potassium concentration increased, concentration of phosphorus, calcium and magnesium was decreased in the shoots. The antagonistic effect of potassium on calcium and magnesium absorption, disturbed the ionic balance within the plants which resulted in the reduced uptake of the essential nutrients.  These interactions underline the need for balanced fertilization strategies.

6. FACTORS AFFECTING CATION-ANION BALANCE 
    	Many factors affect the cation anion balance in soils and plants. Cation anion balance in the soil is affected by pH, depth, land use and microbial activity, whereas in plants the balance is affected by ionic composition of the growing medium and nutrient uptake (Sharpley, 1991). Plant characteristics may also influence the ionic balance. 

6.1 FACTORS AFFECTING CATION AN ION BALANCE IN SOIL
6.1.1. SOIL pH
    	Irabor et al. (2023) disclosed that soil pH influences the cation- anion balance in soil. Nutrient availability and CEC were different in different pH levels. Cation exchange capacity was higher at pH 7. The exchangeable calcium was higher at neutral pH, whereas the potassium was higher in acidic conditions.  Custos et al. (2020) conducted a study to determine the relation between rhizosphere soil and cation anion balance. They observed that concentrations of the ions in the rhizosphere changed with the crop uptake. The cation -anion balance was maintained through the charge balance. Positive pH change suggested the alkalisation of the soil due to ionic imbalance. Nutrient uptake by the plants resulted in the change in the ionic balance in rhizosphere soil.  	Comment by akarsh sv: Remove full stop	Comment by akarsh sv: Concentration 
6.1.2. LAND USE
    	A study was conducted by Ovung et al. (2021) to evaluate the effect of land use management on cation anion balance. Five different land use systems namely Acacia pennata plantation (AP), Home Garden (HG), Current Jhum (CJ), 12-15 years old Jhum Fallow (JF), and Natural Forest (NAF) were selected. The soil pH was highest in CJ (5.4) and lowest in AP (4.7) at the surface soil layer. The higher pH in the surface layer of CJ land use system was due to the release of cations as a result of the traditional slash and burn technique. Burning enhanced the release of nutrients in the soil and which resulted in an ionic imbalance. Natural forest and jhum fallow improved cation exchange capacity due to the presence of diverse vegetation. 
6.1.3. SOIL DEPTH
 	Ovung et al. (2021) observed that ionic imbalance was more in the deeper layers compared to the surface layer due to more leaching from the surface layers. The ionic imbalance in surface layer, i.e. 0-10 cm layer was due to the accumulation of positively charged ions.  


6.1.4. MICROBIAL ACTIVITY
  	Microbial activity plays a crucial role in maintaining the cation- anion balance in soil, thereby significantly influencing nutrient availability and soil health. Cation -anion balance alters the crop growth and soil fertility. Soil microorganisms can enhance the release of basic cations while increasing the concentration of acidic cations, thus affecting the cation -anion balance (Khan and Adachi, 1970). The microbial biomass itself can act as a temporary reservoir for nutrients. Microbial cells take up and release cations and anions, which can influence their availability to plants.  Some microbes can act on this ionic imbalance condition and maintain the functions in plants. The imbalance conditions can result in acidic and alkaline conditions.   
Table 1. Microbial activity and ion interactions affecting plant growth
	Plant species 
	Microbe 
	Stress  
	Response of plants 
	Reference 

	Alfalfa 
	Sinorhizobium meliloti 
	Acidity 
	Capacity to form nodules in acidic soils and enhance plant growth
	Segundo et al. 
(1999) 

	Rice 
	Burkholderia thailandensis 
	Acidity 
	Enhance plant growth through greater root development and higher seedling biomass
	Panhwar et 
(2014) 
	al. 

	Wheat 
	Rhizophagus clarus  
	Acidity 
	Significant increase in straw and grain yield 
	Suri 	et 
(2011) 
	al. 

	Wheat 
	Bacillus clausii 
	Alkalinity 
	Enhanced root and shoot development, leading to higher grain yield 
	Torbaghan al. (2017) 
	et 

	Soybean 
	Burkholderia spp. 
	Alkalinity 
	Increased plant growth 
	Fernandez et al. (2007) 
	



6.2 FACTORS AFFECTING CATION ANION BALANCE IN PLANTS
6.2.1. IONIC COMPOSITION OF THE GROWING MEDIUM
   	A study was conducted by Curtin and Wen (2004) to determine the effect of ionic composition on plant cation- anion balance in barley (Hordeum vulgare) and kochia (Kochia scoparia) plants. Plants were grown in a controlled green house. Ionic composition of the irrigation water was varied by adding chloride and sulphate salts. Yield of both kochia and barley decreased as the ionic imbalance increased. The ability of the kochia plants to produce the oxalate ions balanced the excess cations. The minimal oxalate levels in the barley resulted in more yield loss under the imbalance conditions. Kochia’s ability to synthesize oxalate helped to mitigate the excess cations effect. 
Table 2. Dry matter yield, and cation anion balance affected by the ionic composition of the medium in Kochia plants
	Electrical conductivity (dS m⁻¹)
	Yield (g tank⁻¹)
	Cations (cmol c kg⁻¹)
	Anions (cmol c kg⁻¹)
	Excess ation (cmol c kg⁻¹)
	Oxalate (cmol c kg⁻¹)

	7.6
	29.1
	385.2
	137.9
	247.3 (166)a
	194.3

	17.3
	25.1
	409.8
	152.3
	257.5 (190)
	198.5

	27.6
	18.1
	436.4
	180.3
	256.2 (188)
	195.1

	7.6
	33.9
	372.6
	100.2
	272.4 (216)
	225.9

	17.2
	29
	395.4
	123.9
	271.6 (184)
	216.1

	27.6
	24.1
	414.3
	134.5
	279.8 (222)
	222.9



Table 3. Dry matter yield and cation anion balance affected by the ionic composition of the medium in barley plants
	Electrical conductivity (dS m⁻¹)
	Yield (g tank⁻¹)
	Cations (cmol c kg⁻¹)
	Anions (cmol c kg⁻¹)
	Excess ation (cmol c kg⁻¹)
	Oxalate (cmol c kg⁻¹)

	7.6
	15
	174.1
	130.6
	43.5(20.1)a
	1.35

	17.3
	7.9
	189.7
	154.0
	35.7(16.8)
	0.91

	27.6
	3.3
	210.1
	189.5
	20.6( 1.5)
	0.73

	7.6
	18.6
	177.8
	123.9
	53.9(36.9)
	1.87

	17.2
	8.0
	205.6
	146.6
	59.0(50.3)
	2.47

	27.6
	3.1
	221.0
	162.4
	58.6(52.6)
	2.58



6.2.2 NUTRIENT UPTAKE  	
Nutrient uptake by the plants plays a crucial role in maintaining the cation -anion balance in soil. Cation anion imbalance occurred due to the accumulation of nitrogen and its transformations, mainly nitrification. Ionic balance is interrupted more by the ammonium based fertilizer than urea. Nutrient uptake influenced the ionic balance in the soil by enhancing the uptake of basic cations such as Ca2+, Mg2+ and K+. Leaching of bicarbonate ion (HCO3-) affected the cation anion balance by reducing the net availability of anions in the soil. This shift in ionic balance resulted an increased soil acidity due to higher H+ production (Hao et al. (2020)).  
7. IMPORTANCE OF CATION- ANION BALANCE IN SOILS AND PLANTS
 	Cation- anion balance in soils and plants is achieved mainly by cation- anion exchange. Cation- anion balance ensures optimal nutrient availability for plants, provide aeration, affect water infiltration and aggregation. Imbalance in cation -anion can cause nutrient deficiencies or toxicities. It can also lead to nutrient leaching, contamination of aquatic ecosystems, and waterways. Optimum use of applied fertilizer and its less wastage occurs only when the cation and anion are balanced in the soils and plants. Ionic imbalance can cause sodicity, which weakens the structure of the soil and decreases permeability, especially when there is a high sodium content (Rai et al., 2021). Ionic balance ensures proper osmotic pressure, which affects water retention and movement within plant tissues49 (Meychik et al., 2021). One of the main acquired nutrients by seed is phosphorus (P). Elevated content of this nutrient can favor seed vigor and initial seedling establishment (White and Veneklaas, 2012; Moon et al., 2018). Chronic exposure to aluminium ions (Al3+) causes a shortage in one or more nutrients including calcium (Ca2+), magnesium (Mg2+), phosphorus (PO43-), potassium (K+), boron (BO33-), and ammoniacal nitrogen (NH4+-N) (Mariano and Keltjens, 2005; Lenoble et al., 1996). The proper concentration of inorganic ions such as H+, Ca2+ and Mg2+ or ionic balance must be maintained in plant cells and organelles in order for biopolymers to function (Andreev, 2001). In addition to being stored in organelles, ions are regulated in plants by a controlled flux between the plasma membrane and endomembranes (Bose et al., 2011). Soil acidification and alkalization occur as a result of cation anion imbalance. It reduces soil productivity and crop yield. 
Cation- anion imbalance can lead to deficiency symptoms of nutrients in plants. It affects the plant growth and development. Attia et al. (2022) studied the deficiency symptoms of cation -anion imbalance in Oscimum basilicum by applying different potassium nitrate concentrations (1 mM and 0.5 mM). For a potassium deficient condition, sodium nitrate was applied. The growth of the plants was decreased with the decreased K+ concentrations. Leaf margins turned yellow and necrosis appeared. The deficiency of potassium disrupted the ionic balance which resulted in the development of deficiency symptoms and reduced plant growth.  Hao et al. (2022) evaluated the effect of cation anion imbalance and production of toxicity symptoms in tea plants. The tea plants were treated with different concentrations of aluminium (0, 0.4 and 2.5 mM) along with a control, where the plants are grown hydroponically in an ionically balanced medium. The tea plants produced chlorosis and necrosis in the plants. Also the root growth was inhibited due to cation anion imbalance. As the cation -anion balance was disturbed by the excess level of aluminium, it disrupted the cellular functions of the plants and interfered with the uptake of essential nutrients like calcium and magnesium. 
High concentrations of Cl– decreased the growth parameters such as plant height and dry matter of faba bean more than high concentrations of Na+. Toxicity of chlorine disrupted the ionic balance more and reduced the availability of ions like potassium, calcium and magnesium (Tavakkoli et al. (2015). Cation anion balance was disrupted as salt stress by adding neutral salts such as NaCl/Na2SO4 or KCl/K2SO4 in the ratio 9:1. Alkali stress was induced by applying 9:1 ratio of NaHCO3/Na2CO3 or KHCO3/K2CO3. The accumulation of sodium (Na+) under salt and alkali stresses disrupted ionic balance by increasing the cation levels. It resulted in the inhibition of photosynthesis and growth. To maintain the cation anion balance, the plants synthesized organic anions. Salt stress induced more Na+ accumulation than alkali stress. Alkali stress inhibited more root, stem, and leaf growth compared to salt stress due to additional high pH stress (Wang et al. (2015).  
Dong et al. (2021) opined that the deposition and transformation of the nitrogen like nitrification and mineralization produced a significant amount of H+ on the soil caused ionic imbalance.   Zhang and Mu (2009) conducted a study to determine the effect of cation anion imbalance on growth and photosynthesis in Lathyrus quinquenervius seeds. A mixture of two neutral salts such as NaCl and Na2SO4 in 9:1 ratio was used to induce salinity stress. Likewise, a mixture of alkali salts such as NaHCO3 and Na2CO3 in the ratio 9:1 was used to induce alkaline stress. The ionic imbalance created due to alkaline and saline stress reduced the photosynthetic area and photosynthetic rate. The reduction under the alkaline stress was more than the saline stress due to the combined effect of high pH and ion imbalances.  
The increased cation anion imbalance caused a very higher reduction in germination. Lathyrus quinquenervius when treated with mixture of two neutral salts such as NaCl and Na2SO4 in 9:1 ratio and NaHCO3 and Na2CO3 in the ratio 9:1, gave poor germination. As the cation anion balance is disturbed, it negatively affected the seed germination. The influx of Na+ competed with K+ uptake and disrupted the essential Na+/K+ ratio needed for normal metabolic functions. High pH in the alkaline conditions inhibited the uptake of crucial anions, which resulted in more cation- anion imbalance. Due to this seed germination and seedling development was reduced.  Plant populations respond differently to cation- anion balance (Zhang and Mu, 2009).

[bookmark: _GoBack]The dry matter content was reduced as the ionic imbalance increased. The high Na+ concentrations disturbed the ionic balance and resulted in limited nutrient absorption. High Na+ concentrations in the plants led to the disruption of cellular functions and plant growth. The effects resulted in low production of dry matter content (Molhtar et al., 2007).  	Comment by akarsh sv: higher	Comment by akarsh sv: Which results in 	Comment by akarsh sv: lower
Jahan et al. (2023) opined that the cation-- anion imbalance due to salinity stress led to nutritional deficiencies and toxicities. The imbalance reduced photosynthesis and metabolic functions, which decreased the yield. As the cation anion imbalance increased, the yield decreased. 
8.  CONCLUSION

   	The cation-anion balance in soils and plants is crucial for maintaining soil health and optimal plant growth. This balance influences nutrient availability, soil structure, and the overall physiological functioning of plants. Proper management of ionic balance is essential for ensuring that plants can absorb the necessary nutrients efficiently, which in turn affects crop yield and quality. Agricultural practices should focus on monitoring and adjusting the cation-anion balance through appropriate soil amendments, fertilization strategies, and irrigation practices. Future research should focus on developing crop varieties with enhanced ionic regulation mechanisms and optimizing nutrient management practices tailored to specific soil types and crop needs. 
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