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Abstract 

Soil acidity is one of the most important soil constraints for wheat growth, and magnesium can play a 

critical role in mitigating the adverse effects of soil acidity on plants. There is, however, limited 

information available about the influence of Mg nutrition, especially foliar application, on wheat 

(Triticum aestivum) growth in acidic soil. In a series of glasshouse experiments, Al-sensitive wheat 

genotype (ES8) was grown to vegetative stage (Zadok 23) with or without foliar Mg application at 

different rates (0, 50, 200 and 1000 mg Mg/L), and acidic soil was used as the growth medium with 

or without lime and Mg amendment. The effects of these treatments on plant growth, physiological 

responses, tissue concentration of Mg, dry biomass accumulation and root length were characterized. 

Magnesium application to foliage significantly increased (by around 14%) both shoot and root dry 

biomass compared to the control (0 foliar Mg). No significant variation was observed in response to 

different Mg salts (sulfate or chloride) applied to either soil or foliage in relation to wheat growth and 

physiological responses. Other than liming, foliar Mg application (200 mg Mg/L) coupled with Mg 

application to soil (20 mg/kg soil) provided optimum conditions for wheat growth in an acid soil. Leaf 

extension rate, chlorophyll content, and root length of wheat treated with 200 mg Mg/L foliar 

application were increased significantly (by 12%, 10% and 23%, respectively) in comparison to plants 

treated with 0 foliar Mg. Physiological parameters such as net photosynthetic rate, transpiration rate, 

and stomatal conductance were 4-fold higher in foliar-Mg-treated plants compared with those 

receiving no foliar Mg. Therefore, applying 200 mg Mg/L to the foliage may assist in minimizing the 

negative impact of soil acidity on wheat growth. 
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Introduction 

Wheat (Triticum aestivum L.) is one of the three major food crops in terms of global production. It is 

also a major winter crop in Australia, covering approximately 57% of the total grain-growing area 

(ABARES, 2017). In Australia, however, as in other parts of the world, wheat production is limited 

by several soil constraints. Soil acidity has been identified as one of the significant problems and may 

cause approximately 20 to 30% decrease in wheat yield (Gazey, Andrew, & Griffin, 2013). Soil acidity 

limits plant growth and productivity by inhibiting root cell elongation (Yamamoto, Kobayashi, Devi, 

Rikiishi, & Matsumoto, 2003), thereby reducing the plant’s capacity to access water and nutrients 

(Kopittke & Blamey, 2016). The low productivity in acid soil is a significant and permanent form of 

land degradation globally (Bojorquez-Quintal, Escalante-Magana, Echevarria-Machado, & Martinez-

Estevez, 2017).  

 

Liming is the most common and effective strategy to ameliorate acid soils (Fageria & Baligar, 2008; 

Goulding, 2016) and is an important practical approach for crop production in acid soils (Alves de 

Andrade et al., 2020). Surface soil acidity can be managed by the top-dressing of lime (Belkacem & 

Nys, 1995). Although liming is a good practice for remediation of surface soil acidity, it is often 

inefficient in ameliorating subsoil acidity due to its slow downward movement through the soil profile 

(Tang, 2004), particularly in low rainfall areas (Azam, Gazey, Bowles, & D'Antuono, 2019). If lime 

is not incorporated directly into the subsoil (Aitken, Moody, & Dickson, 1995), it can take years to 

react with subsoil acidity fully and show measurable effects on crop production (Farina, Channon, & 

Thibaud, 2000). Therefore, liming material applied to the subsoil directly is beneficial for the 

amelioration of soil acidity compared to surface soil application (Tang, Weligama, & Sale, 2013). In 

practice, however, incorporation of lime into subsoil is often considered economically unfeasible, and 

other ways of managing crop production in acidic subsoils should be investigated.   

 



There has been a particular interest in the capacity of magnesium (Mg) to mitigate soil acidity because 

it has been shown to alleviate Al3+ toxicity in a number of plant species (Bose, Babourina, Shabala, 

& Rengel, 2013; Rengel, Bose, Chen, & Tripathi, 2015; Yang, You, Li, Wu, & Zheng, 2007). When 

Mg is applied directly to the soil, however, it is highly prone to leaching because Mg binds weakly to 

the negatively charged soil particles due to its large hydrated radius (Bose, Babourina, & Rengel, 

2011). Furthermore, because of similar hydrated radii, Mg2+ competes with Al3+ for binding sites in 

plant roots and on membrane transporters (Pecsvaradi et al., 2009). Magnesium uptake by plants is 

also inhibited by cationic competition with Al3+ when Mg is applied directly to soil (Gransee & Führs, 

2013). Applying Mg directly to plants through foliar approach may be more effective in managing 

crop production in acidic soil than applying it directly to the soil. 

 

Foliar application is an established method of providing specific nutrients directly to plant leaves as 

liquid fertilizers (Fageria, Filho, Moreira, & Guimarães, 2009). It is an effective way to supply Mg 

for plant growth because it helps avoid the restricted potential of Mg uptake by plant roots, plus plants 

respond more quickly to foliar-applied nutrients than soil application (Neuhaus, Geilfus, & Mühling, 

2014; Waraich, Ahmad, Ahmad, Saifullah, & Ashraf, 2015). Foliar application of Mg particularly 

suits wheat because of its amphistomatic leaves (stomata are distributed on both leaf surfaces), which 

facilitates the effective use of foliar-applied nutrients (Tomlinson, 2003). Moreover, Mg applied to 

plant leaves may be translocated to roots due to the high mobility of Mg in the phloem, which may 

contribute to better root growth in acid soils (Jezek, Geilfus, Bayer, & Muhling, 2014). The positive 

results have already been reported for plant growth in hydroponic culture in response to Mg 

application to the foliage under controlled conditions (Ceylan, Kutman, Mengutay, & Cakmak, 2016). 

The effectiveness of foliar Mg application to alleviate the adverse effects of soil acidity on wheat 

growth has not been explored previously. Therefore, this research was undertaken to (i) determine 



whether foliar Mg application can enhance wheat growth in acid soils, and (ii) assess if the 

effectiveness of foliar Mg application can be enhanced by also applying Mg to the soil.  

 

Materials and Methods 

Three topsoils (0−70 mm) and corresponding subsoils (150−250 mm) of contrasting pH were 

collected from various locations in the Western Australian grain belt: a slightly acidic soil from near 

Merredin (31.48S 118.19E), moderately acidic soil from near Kalannie (30.40S 117.29E), and highly 

acidic soil from near South Carrabin (31.59S 118.72E). The characteristics of the selected soils are 

presented in Table 1. All soils were air-dried, sieved (≤2 mm), and mixed until homogenous. The non-

draining pots measuring 160 mm in diameter and 170 mm in height were filled with 3 kg of soil (110 

mm of subsoil overlain by 50 mm of topsoil). Wheat genotype, ES8 (a near-isogenic line sensitive to 

Al toxicity) was used in this study.  

 

Experimental design and approach  

The study was conducted in a glasshouse of the University of Western Australia in Perth, Western 

Australia (31.97S, 115.82E) at various times of the year, depending on the experiment (see below for 

details). A series of experiments were conducted to assess the role of foliar Mg application to minimize 

the adverse effects of soil acidity on wheat growth. Initially (Experiment 1), wheat was grown in 

different soils varying in acidity to select the appropriate soil and identify a suitable rate of foliar Mg 

for subsequent experiments. In Experiment 2, two sources of Mg (MgSO4.7H2O and MgCl2.6H2O) 

were used as foliar spray treatment to elucidate the protective role of Mg using the rate identified from 

Experiment 1. Next (Experiment 3), these two different sources of Mg were investigated if the 

effectiveness of foliar Mg application can be enhanced by also applying Mg to the soil.  

 

Experiment 1 



The two-factor experiment consisted of four levels of foliar Mg (0, 50, 200 and 1000 mg Mg/L) and 

six soil treatments [Merredin, Kalannie, South Carrabin, South Carrabin + 4 mg Mg/kg soil using 

MgSO4.7H2O applied to the whole soil profile, South Carrabin + 50% of recommended lime dose 

(RLD) into subsoil, and Kalannie + 50% of RLD into subsoil], and was replicated two times using 

two blocks placed at different positions in a glasshouse (randomised complete block design). In the 

lime-amended soil treatments, lime sand (average neutralizing value 95.5%, as listed by the supplier) 

was mixed with South Carrabin and Kalannie subsoils before potting. The amount of lime sand 

required to achieve soil pH of 5.5 for Kalannie (0.32 g/kg subsoil) and South Carrabin (0.33 g/kg 

subsoil) subsoils was determined by the Dunn lime titration method (Rayment & Lyons, 2011). All 

soils were amended with the following basal nutrients (in mg/kg soil) mixed through the entire soil 

volume before sowing: N (33.3); P (20.5); K (88.7); Ca (41); S (28); Mn (1.63); Zn (1.03); Cu (0.26); 

B (0.12); Co (0.11) and Mo (0.08). In addition, magnesium was applied to South Carrabin soil as 

MgSO4.7H2O at 4 mg/kg soil. Nitrogen was re-applied as ammonium nitrate 4 weeks after sowing at 

33.3 mg N/kg soil to the soil surface in dilute solution.  

 

The experiment was conducted in early winter (May to June 2018) with an average day length of 12 

h and an average day/night temperature of 22.3/16º C. Initially, 15 seeds were sown per pot, and then 

after thinning eight uniform plants per pot were allowed to grow until harvest. Foliar application of 

Mg was made twice (14 and 28 days after sowing) during the growth period. Tween-20 (0.1% w/w), 

a non-ionic detergent, was mixed with MgSO4.7H2O solution before spraying to decrease the surface 

tension of water droplets and improve contact with leaves. The foliar spraying was done in the early 

morning (9:00 am) to ensure effective absorption of Mg via opened stomata. Spraying was done until 

plants were completely wet. The approximate volume of Mg solution for the foliar application was 10 

mL/pot at 14 DAS and 25 mL/pot at 28 DAS (equivalent to 0.5 and 1.25 L/m2 at 14 and 28 DAS, 

respectively). The soil surface was covered with absorbent paper before spraying to avoid the contact 



of foliar-applied Mg with the soil surface. Pots were watered daily by weighing to maintain soil water 

content near 14% for Merredin, 13% for Kalannie, and 13% for South Carrabin soil using de-ionized 

water, which maintained soils at field capacity. The soil with moderate acidity (Kalannie) was selected 

from this experiment for further use in Experiments 2 and 3, and the most suitable rate of foliar Mg 

application (200 mg Mg/L) was selected based on plant growth. 

 

Experiment 2 

The two-factor experiment consisted of three levels of each factor: foliar Mg application (control, 200 

mg Mg/L using MgCl2.6H2O or MgSO4.7H2O) and soil treatment (non-amended Kalannie, Kalannie 

+ 4 mg Mg/kg soil using MgSO4.7H2O to the soil profile and Kalannie + 50% of RLD for subsoil), 

and was replicated three times using randomised complete block design. The experiment was 

conducted in late winter (October to November 2018) with an average day length of 12.5 h and an 

average day/night temperature of 23.5/17º C. Lime sand was mixed thoroughly with the soil (0.37 

g/kg subsoil) for 50% of RLD to achieve the subsoil target pH of 6.0. Pot preparation, fertilization, 

foliar Mg application, and other management practices were the same as in Experiment 1. From this 

experiment, MgSO4.7H2O was selected as a source of foliar Mg application for use in Experiment 3.  

 

Experiment 3 

The two-factor experiment consisted of two levels of foliar Mg (control and 200 mg Mg/L using Mg 

sulfate) and eight soil treatments [control (non-amended soil), control reference (100% of RLD for 

subsoil), soil profile amended with 4, 20 and 100 mg Mg/kg soil (either as MgSO4.7H2O or 

MgCl2.6H2O)], and was replicated three times in the randomised complete block design. Plants were 

grown in a phytotron (mid-February to March 2019), with day/night temperature of 22/15 ºC and 13-

h day length. The amount of lime sand required to achieve the target soil pH of 6.0 for Kalannie (0.74 



g/kg subsoil) subsoil was determined as in Experiment 1. Pot preparation, basal nutrients application, 

foliar Mg application, and other management practices were as in the previous experiments.  

 

Shoot and root measurements 

In Experiment 1, the length of the 3rd leaf on the main stem was measured daily using a ruler (starting 

from the day the third leaf emerged from the sheath). Leaf chlorophyll content was determined using 

a SPAD (Soil-Plant Analyses Development) 502 plus chlorophyll meter at 5-day intervals (10, 15, 20, 

25, 30 and 35 days after sowing). The SPAD meter measures the difference between the transmittance 

of a red (650 nm) and an infrared (940 nm) light through the leaf, generating a SPAD value that is 

proportional to the level of chlorophyll in the leaves (Uddling, Gelang-Alfredsson, Piikki, & Pleijel, 

2007). Shoots and roots were harvested five weeks after sowing (Zadok 23). Shoot samples were 

washed with 1% v/v acetic acid solution, dried at 65 ºC for 72 h in an oven, and weighed. All roots in 

each pot were washed to remove the soil particles, dried at 65 ºC for 72 h in an oven, and weighed. 

Dry samples were digested in a mixture of HNO3/HClO4 acids based on the method described by 

Simmons (1978), followed by measuring Mg concentration using inductively coupled plasma optical 

emission spectrometry (ICP-OES; Perkin-Elmer Optima 7300DV, Connecticut, USA).  

 

In Experiment 2, leaf chlorophyll content was measured at 35 DAS (days after sowing) by a SPAD 

502 plus chlorophyll meter, and the average reading was taken from all fully emerged leaves (30 

readings per pot). Physiological parameters such as net photosynthetic rate, stomatal conductance, and 

transpiration rate were measured by using a LI6400 gas exchange unit at 35 DAS. After harvest 

(Zadok 23), shoot samples were washed with 1% v/v acetic acid solution, dried at 65 ºC for 72 h in 

an oven, and weighed as in Experiment 1. All roots in topsoil and subsoil in each pot were harvested 

separately, washed thoroughly with tap water to remove soil particles, and divided into two sub-

samples. One root sub-sample was dried in the oven at 65ºC for 72 h, weighed, and used for analysing 



Mg concentration. The other root sub-sample was preserved in 70% v/v ethanol for root scanning.  

The roots were washed repeatedly before scanning with tap water and scanned using an EPSON 

Perfection V700 root scanner. The root images were analysed with WinRHIZO software for the total 

root length in topsoil and subsoil. After scanning, roots were placed in an oven at 65 ºC for 72 h and 

weighed. Total root dry biomass in topsoil and subsoil were determined from the dry weights of two 

root sub-samples. Magnesium concentration in dry samples was measured using ICP-OES as in 

Experiment 1. 

 

In Experiment 3, the length of the 3rd leaf was measured as in Experiment 1. Wheat plants were 

harvested 5 weeks after sowing (Zadok 23), and shoot samples were dried and weighed to determine 

shoot dry weight as in previous experiments. All roots in each pot were washed thoroughly with tap 

water to remove soil particles and preserved in 70% v/v ethanol for root scanning. Total root length 

was determined from the root images analyzed with WinRHIZO software as in Experiment 2. After 

scanning, those roots were dried in an oven at 65 ºC for 72 h and weighed for root dry weight. 

 

Statistical analysis 

Data in each experiment were subjected to two-way analysis of variance followed by Tukey’s test to 

identify significant (5% level of probability) differences among the treatments. Data were analyzed 

using GenStat 18th edition for Windows statistical software (VSN International, United Kingdom). 

 

Results 

Experiment 1: optimum rate of foliar Mg and soil 

Leaf extension rate (LER) varied depending on foliar Mg application (P≤0.05) and soil treatment 

(P≤0.05), with no significant interaction between the two factors (Tables 2 and 3). Leaf extension rate 

increased with increasing foliar Mg concentration up to 200 mg Mg/L. Then it declined with further 



increases in foliar Mg concentrations to the same level as 0 foliar Mg. Applying 200 mg Mg/L 

increased the leaf extension rate by 12% in comparison to when no foliar Mg applied (Table 2a). Lime 

amendment (50% of RLD) in Kalannie subsoil increased LER by 6.5% in comparison to non-amended 

Kalannie soil (Table 2b). In the South Carrabin soil, the lime amendment in subsoil increased LER by 

7%, and Mg application to the soil increased LER by ~6% compared to the non-amended soil. 

 

Leaf chlorophyll content varied depending on foliar Mg application (P≤0.05) from 20 DAS until 

harvest (Figure 1), and irrespective of soil treatment (Table 3). Leaf chlorophyll content also increased 

with increasing foliar Mg concentration up to 200 mg Mg/L before declining with greater 

concentration. Applying 200 mg Mg/L increased leaf chlorophyll content by ~10% compared to 0 

foliar Mg treated plants from 20 DAS until harvest. 

 

Shoot and root dry weight (Figure 2) varied depending on foliar Mg application (P≤0.05) and soil 

treatments (P≤0.05), with the interaction between the two factors being non-significant (Table 3). 

Applying 200 mg Mg/L increased shoot dry weight (DW) by 14% in comparison with no foliar Mg 

applied (Figure 2a). Application of lime (50% of RLD) in Kalannie subsoil increased shoot DW by 

16% compared to non-amended Kalannie soil (Figure 2b). Applying 200 mg Mg/L application 

increased root DW by 14% in comparison to the treatment with 0 foliar Mg (Figure 2a). Among the 

soil treatments, the lime amendment (50% of RLD) in Kalannie subsoil also increased root DW by 

14% in comparison to non-amended Kalannie soil (Figure 2b). 

 

Shoot Mg concentrations increased with the increasing rate of foliar Mg application depending on soil 

treatment (P≤0.05, Figure 3). High shoot Mg concentration at 1000 mg Mg/L treated plants driven 

this interaction significant. Applying 1000 mg Mg/L to the foliage resulted in 1.5- to 2-fold greater 

shoot Mg concentration compared to other rates of foliar Mg (0, 50, and 200 mg/L). By contrast, root 



Mg concentration was significantly influenced by soil treatments (P≤0.05, Figure 4) only, with the 

interaction of foliar Mg application and soil treatments being non-significant (Table 3). Magnesium 

amendment (4 mg Mg/kg soil) and lime amendment (50% of RLD for subsoil) in the South Carrabin 

subsoil exhibited 1.4- and 1.7-fold greater root Mg concentration, respectively, compared to non-

amended South Carrabin soil. Kalannie subsoil amended with 50% of RLD resulted in 1.8-fold greater 

root Mg concentration compared to non-amended Kalannie soil (Figure 4).  

 

Experiment 2: the source of Mg for foliar application 

Leaf chlorophyll content varied depending on foliar Mg application (P≤0.05, Table 4) and soil 

treatment (P≤0.05, data not shown), with no significant interaction between the two factors (Table 3). 

Leaf chlorophyll content was increased by foliar Mg application, i.e., applying 200 mg Mg/L to the 

foliage significantly increased SPAD reading by the same amount (~10%) irrespective of the Mg 

source, from 42 (0 foliar Mg) to 46 (averaged across MgSO4.7H2O and MgCl2.6H2O) (Table 4). Net 

photosynthetic rate, stomatal conductance, and transpiration rate were also increased by foliar Mg 

application (P≤0.05, Table 4), with soil treatment and the interaction between the two factors being 

non-significant (Table 3). Both sources of foliar Mg were associated with ~4-fold increase in net 

photosynthetic rate, stomatal conductance and transpiration rate of wheat in comparison to the 

treatment with no Mg applied (0 foliar Mg). 

 

Wheat shoot and root dry weights were influenced by foliar Mg application (P≤0.05, Figure 5a) and 

soil treatment (P≤0.05, Figure 5b), with the interaction between the two factors being non-significant 

(Table 3). Applying foliar Mg increased shoot DW by 25% in comparison to when no Mg was applied 

(0 foliar Mg), and by the same amount for each Mg source. Similarly, applying foliar Mg (either 

source) to wheat increased root DW by ~20% compared to when no foliar Mg was applied (P≤0.05, 

Figure 5a). For the soil treatments, Kalannie subsoil amended with 50% of RLD resulted in 35% 



increase in shoot DW compared to non-amended Kalannie soil. Liming the subsoil and Mg 

amendment (4 mg Mg/kg soil) increased root DW by 50% and 26%, respectively, compared to non-

amended soil (P≤0.05, Figure 5b).  

 

Shoot and root Mg concentrations were influenced by foliar Mg application (P≤0.05, Figure 6a) and 

soil treatments (P≤0.05, Figure 6b), with the interaction between the two factors being non-significant 

(Table 3). Applying 200 mg Mg/L to the foliage was associated with 1.2-fold increase in shoot Mg 

concentration in the plants treated with MgCl2.6H2O compared to the plants treated with 

MgSO4.7H2O. In contrast, root Mg concentration did vary between Mg sources and was 1.3-fold 

greater in the plants treated with MgSO4.7H2O compared to MgCl2.6H2O (Figure 6a). 

 

Total root length in the topsoil varied depending on foliar Mg application (P≤0.05; Figure 7a) and soil 

treatments (P≤0.05; Figure 7b), with the interaction between the two factors being non-significant 

(Table 3). Foliar application of 200 mg Mg/L as MgSO4.7H2O was associated with 23% increase in 

total root length in topsoil compared to 0 foliar Mg treated plants (P≤0.05; Figure 7a). Application of 

lime (50% of RLD to subsoil) and Mg amendment (4 mg Mg/kg soil) increased total root length in 

topsoil by 20% and 28%, respectively, compared to the non-amended Kalannie soil (P≤0.05; Figure 

7b). There was no significant variation in total root length in topsoil between the two sources of foliar 

Mg. In contrast, total root length in subsoil was significantly influenced by the soil treatments only 

(Figure 8), whereby the lime amendment in Kalannie subsoil was associated with ~3.2-fold increase 

in total root length in comparison with the non-amended and Mg-amended Kalannie soil profiles.  

 

Experiment 3: Mg as soil ameliorant facilitates the effectiveness of foliar Mg application 

Leaf extension rate increased by foliar Mg application depending on soil treatment (P≤0.05, Table 5). 

The higher LER in the lime-amended soil treatment and a lower value in the 100 mg Mg/kg soil 



treatment made this interaction significant. Leaf extension rate decreased in the treatment with 100 

mg Mg/kg soil irrespective of Mg source in both foliar Mg treated and untreated plants. Foliar Mg 

application, coupled with the application of 20 mg Mg/kg soil (regardless of the source), was 

associated with ~4% increase in LER compared to the plants grown in Mg-amended soil (at 20 mg 

Mg/kg soil irrespective of the source) without foliar Mg application. Plants grown in lime-amended 

subsoil coupled with foliar Mg application showed ~6% increase in LER compared to the plants grown 

in lime-amended subsoil without foliar Mg application. 

 

Shoot and root dry weight increased by foliar Mg application depending on soil treatment at harvest 

(P≤0.05, Table 5). The higher shoot and root DW in the lime-amended soil treatment and a lower 

value in the 100 mg Mg/kg soil treatment made this interaction significant. In foliar Mg treated plants, 

shoot DW increased with increasing soil Mg application up to 20 mg Mg/kg soil irrespective of Mg 

sources, and declined at high application rate. Foliar Mg application, coupled with the application of 

20 mg Mg/kg soil (regardless of the source), was associated with ~2.5-fold greater shoot DW 

compared to the plants grown in non-amended soil (T0) without foliar Mg application. Root DW also 

declined in the treatment with 100 mg Mg/kg soil regardless of the Mg source. Applying foliar Mg 

coupled with 20 mg Mg/kg soil (regardless of the source) was associated with 2.9-fold greater root 

DW in comparison to the plants grown in non-amended soil (T0) without foliar Mg application. 

 

Total root length increased by foliar Mg application depending on soil treatment (P≤0.05, Table 5). 

The higher total root length in the lime-amended soil treatment and a lower value in the 100 mg Mg/kg 

soil treatment caused this interaction to be significant. Total root length decreased in the treatment 

with 100 mg Mg/kg soil irrespective of Mg source. When 20 mg Mg/kg soil was applied as soil 

ameliorant (regardless of the source), applying 200 mg Mg/L to the foliage was associated with ~1.5-

fold increase in total root length compared to 0 foliar Mg treated plants. In non-amended Kalannie 



soil, applying 200 mg Mg/L to the foliage was associated with 2.3-fold higher total root length 

compared to 0 foliar Mg treated plants.  

 

Discussion 

Based on the present study, wheat growth in acidic soils is likely to be enhanced by applying Mg to 

the foliage. Leaf extension rate and dry biomass accumulation increased by applying Mg to the foliage. 

Our findings regarding plant growth in acid soils are consistent with those reported from other growth 

media. For example, wheat growth and yield in the hydroponic culture tended to increase in response 

to an additional supply of Mg to foliage (Ceylan et al., 2016). It has been argued that an additional 

supply of basic cations (i.e., Mg) increases plant growth by increasing dry biomass accumulation 

(Hauer-Jakli & Trankner, 2019). This explanation is supported by our observed increase in shoot and 

root dry biomass (Figure 2a) in the foliar Mg treatment in comparison to the 0 foliar Mg treatment. In 

addition to plant growth, foliar Mg application contributed to enhancing the physiology of wheat 

plants in terms of leaf chlorophyll content, net photosynthetic rate, stomatal conductance and 

transpiration rate compared to 0 foliar Mg (Table 4). The findings suggest that the enhanced plant 

growth is associated with foliar Mg application enhancing physiological processes. Application of 

foliar Mg fertilizers has already been reported to improve physiology of crops subjected to Mg 

deficiency (Senbayram, Gransee, Wahle, & Thiel, 2015). The previous studies have also demonstrated 

increased leaf chlorophyll content in response to foliar Mg application, including in wheat (Ceylan et 

al., 2016), faba bean (Neuhaus et al., 2014) and soybean (Teklić et al., 2009) in the hydroponic culture, 

which led to higher net photosynthetic rate (Jezek et al., 2014). Our results are also consistent with 

previous observation on soil-grown wheat, whereby applying Mg nanoparticles to the foliage resulted 

in a significant increase in root growth and physiological processes (Rathore & Tarafdar, 2015). The 

findings from the present study suggest providing foliar Mg may be an approach to enhancing wheat 



growth and physiology under acidic soil conditions. To our knowledge, this is the first report 

demonstrating the positive role of foliar Mg application on wheat growth in acidic soils. 

 

Given the positive responses, it is essential to select an optimum rate for foliar Mg application to 

enhance wheat growth in acidic soil. Results from this study demonstrated that applying 200 mg Mg/L 

to the foliage significantly increased leaf chlorophyll content (Figure 1 and Table 4), net 

photosynthetic rate (Table 4), root length (Figure 7a) and dry biomass accumulation (Figures 2a and 

5a), indicating foliar Mg application may enhance the capacity of wheat to withstand the adverse 

effects of soil acidity. In contrast, a significant decrease in shoot and root dry weight and chlorophyll 

content of the plants exposed to a higher application rate of foliar Mg (1000 mg Mg/L) might have 

occurred due to the likely indirect harmful effects. This is consistent with previous studies, where high 

concentration of Mg (>1000 mg Mg/kg soil) retarded plant growth by interfering with certain 

metabolic processes (Venkatesan & Jayaganesh, 2010). Typically, Mg deficiency in wheat occurs 

when shoot Mg is about ≤1 to 1.1 g/kg (Jones, Wolf, & Mills, 1991). Applying 200 mg Mg/L to the 

foliage in the present study maintained a sufficient shoot Mg concentration (~1.5-fold greater than the 

critical limit) for enhanced plant growth. In this study, we also hypothesized that foliar-applied Mg at 

the optimum rate was likely to increase plant growth, which has indeed occurred.  

 

The form and/or source of foliar Mg application was less important than the rate of application 

regarding the effectiveness of Mg in enhancing wheat growth in acidic soil. In this study, both 

MgSO4.7H2O and MgCl2.6H2O had a similar capacity to enhance wheat growth and physiological 

processes when applied to the foliage at the same rate (200 mg Mg/L) (Table 4 and Figure 5a). The 

benefits of using foliar Mg reported here were consistent with the published literature, whereby an 

increase in plant growth occurred after the exogenous application of MgSO4.7H2O (Neuhaus et al., 

2014; Niu, Jin, & Zhang, 2014). Moreover, we observed 1.3-fold higher root Mg concentration in 



MgSO4.7H2O treated plants in comparison to MgCl2.6H2O treated plants (when Mg was applied to 

the foliage at the same rate). This finding implied that foliar-applied Mg might have contributed to 

enhancing wheat growth in acid soil by translocating Mg to the active growing parts of the root, 

facilitated by its high mobility in the phloem and/or by the influence of accompanying anion. These 

findings were also in agreement with previous research by Senbayram et al. (2015), who also reported 

enhanced root growth by an additional supply of Mg.  

 

We observed that the application of Mg to the foliage was unlikely to change the root length of wheat 

in acidic subsoil. Although the foliar application of Mg was associated with 20% increase in topsoil 

root length (Figure 7a) in the present study, it did not enhance root length in the acidic subsoil. The 

enhanced subsoil root length was observed in the lime-amended subsoil, which was consistent with 

previous studies demonstrating that incorporation of lime in subsoil can benefit root growth in subsoil 

(Goulding, 2016; Tang, Rengel, Diatloff, & Gazey, 2003). From this study, it is evident that foliar Mg 

can increase root length in acid soil, but it is not as effective as liming. Thus, liming is still the most 

effective strategy for ameliorating soil acidity and improving plant growth and productivity (Patinni 

et al., 2020). Nevertheless, in this present study, we observed that foliar Mg application at the optimum 

rate (i.e., 200 mg Mg/L) enhanced wheat growth and root length in lime-amended soil compared to 0 

foliar Mg treated plants grown in non-amended soil (P≤0.05, Table 5). Therefore, foliar Mg 

application was effective in increasing root length even when plants grew in the lime-amended subsoil.  

 

The effectiveness of foliar Mg application in enhancing wheat growth in acidic soils can be improved 

by also applying Mg to the soil. Results from this study highlighted that foliar Mg treated wheat plants 

grown in an acidic soil amended with 20 mg Mg/kg soil grew better than plants treated with foliar Mg 

application and no soil Mg amendment (Table 5). The improved plant growth might be due to the Mg 

applied to soil promoting root growth as demonstrated in the present study (Table 5) and by others 



(Niu et al., 2014). Our findings are also consistent with Wang et al. (2019), who reported that Mg 

application improved crop yield by 11.3% in acidic soils. Although amending soils with Mg 

significantly increased wheat growth, applying foliar Mg also significantly increased wheat growth 

compared to 0 foliar Mg in the present study. Hence, our findings suggest applying Mg to soil as well 

as foliarly would be even more effective at increasing wheat growth in acidic soils (Table 5). 

Therefore, applying Mg as soil ameliorant (at 20 mg Mg/kg soil) would provide optimum conditions 

for foliar Mg application to express its protective role in enhancing wheat growth in acid soil. 

 

In conclusion, results from a series of experiments demonstrated that applying 200 mg Mg/L as 

MgSO4.7H2O to the foliage facilitated shoot and root growth of wheat in acid soils. Wheat growth 

was more pronounced in the lime amended acidic subsoil and/or Mg amended soil at 20 mg/kg soil. 

If the results of this study are confirmed in the field trials, farmers and agronomists should apply Mg 

to the foliage coupled with lime and/or soil Mg amendment to improve wheat growth in acidic soils.  
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TABLES 

Table 1: Selected properties of soils before starting the experiments 

Soils Depth 

(mm) of 

collection 

pH0.01M 

CaCl2 

CEC 

(cmol+/ 

kg) 

Exchangeable 

Mg (cmol+/kg) 

Exchangeable 

Al (cmol+/ kg) 

Organic 

Carbon 

(g/kg) 

Merredin 0-70 4.90 2.97 0.38 0.05 12.3 

150-250 4.30 1.13 0.11 0.65 3.40 

Kalannie 0-70 4.00 1.70 0.25 0.15 9.50 

150-250 4.00 1.31 0.05 0.65 2.60 

South 

Carrabin 

0-70 4.00 1.02 0.11 0.44 8.30 

150-250 3.80 0.87 0.02 0.93 3.90 

Soil pH measured in 0.01 M CaCl2 using a glass electrode and 1:2.5 soil-to-CaCl2 solution ratio. 

CEC, exchangeable Mg and exchangeable Al were measured using the ammonium acetate extraction method 

as described by Rayment and Lyons (2011). 

Organic carbon was measured by wet oxidation Walkley-Black method. 

  



Table 2: The 3rd leaf extension rate (LER; mm/d) of wheat in response to a) foliar Mg application and 

b) soil treatment, with the interaction between foliar Mg application rate and soil treatment being non-

significant (exp. 1). Means (n=2) with different letters in a row are significantly different (P≤0.05).  

 

a) Foliar Mg application 

Foliar Mg application rate 

(mg/L) 

0 50 200 1000 

LER (mm/d) 33.3 c 34.6 b 37.3 a 33.6 c 

b) Soil treatment 

Soil  

treatments 

 

Merredin 

 

Kalannie 

South 

Carrabin 

South 

Carrabin+ 

4 mg 

Mg/kg soil 

South 

Carrabin+ 

50% of 

RLD† in 

subsoil 

Kalannie 

+ 50% of 

RLD† in 

subsoil 

LER 

(mm/d) 

35.5 a 33.8 bc 32.8 c 34.8 ab 35.3 a 35.9 a 

† RLD: Recommended Lime Dose 



Table 3: Analysis of variance (ANOVA) summary for the growth, root length, 3rd leaf extension, SPAD reading (leaf chlorophyll content), 

shoot and root Mg concentration and physiological parameters as affected by the foliar Mg (M) and soil treatments (S) in each experiment 

Experiment 

No. 

Source df Shoot 

DW 

Root 

DW 

LER Shoot Mg 

conc. 

Root Mg 

conc.  

SPAD 

reading 

Total root 

length 

Physiological parameters 

A gsw E 

 

1 

M 3 *** *** *** *** n.s. ** NA NA NA NA 

S 5 * *** *** *** *** n.s. NA NA NA NA 

M × S 15 n.s. n.s. n.s. * n.s. n.s. NA NA NA NA 

 

2 

M 2 *** *** NA ** * *** ** *** *** *** 

S 2 *** *** NA *** *** *** *** n.s. n.s. n.s. 

M × S 4 n.s. n.s. NA n.s. n.s. n.s. n.s. n.s. n.s. n.s. 

 

3 

M 1 *** *** *** NA NA *** *** NA NA NA 

S 7 *** *** *** NA NA *** *** NA NA NA 

M × S 7 *** *** *** NA NA *** ** NA NA NA 

A, net photosynthetic rate (µmol CO2 m
-2 s-1) 

gsw, stomatal conductance (mol H2O m-2 s-1) 

E, transpiration rate (mmol H2O m-2 s-1) 

DW, dry weight (g/plant)  

LER, leaf extension rate (mm/day) 

df, degrees of freedom  

NA, not measured 

n.s., non-significant at α=0.05 

‘*’, ‘**’ and ‘***’ stand for significant at P≤0.05, 0.01 and 0.001, respectively 



Table 4: Leaf chlorophyll content (SPAD reading), net photosynthetic rate, stomatal conductance and 

transpiration rate of wheat in response to 200 mg Mg/L foliar application (as MgCl2.6H2O or 

MgSO4.7H2O); the soil treatment (except SPAD reading) and the interaction between foliar Mg 

application rate and soil treatment were non-significant (exp. 2). Means (n=3) with different letters in 

a column are significantly different (P≤0.05).  

Foliar Mg 

application 

SPAD 

reading 

Net 

photosynthetic 

rate (µmol CO2 

m-2 s-1) 

Stomatal 

conductance 

 (mol H2O m-2 s-1) 

Transpiration 

rate  

(mmol H2O m-2 s-

1) 

Control (0 foliar 

Mg) 

42 b 4.40  b 0.04  b 0.50  c 

200 mg Mg/L 

(MgCl2.6H2O) 

46.1 a 16.6  a 0.18  a 2.50  a 

200 mg Mg/L 

(MgSO4.7H2O) 

45.7 a 15.9  a 0.15  a 1.90  b 

  



Table 5: The 3rd leaf extension rate (LER), shoot dry weight, root dry weight and total root length of 

wheat grown in Kalannie soil amended with or without 100% of RLD in subsoil and Mg amended 

soil profile (4, 20 and 100 mg Mg/kg soil from MgSO4.7H2O or MgCl2.6H2O) with foliar Mg 

application as MgSO4.7H2O (0 and 200 mg Mg/L) at 35 days after sowing (exp. 3). Means (n=3) with 

different letters in a column are significantly different (P≤0.05). 

Foliar 

Mg 

(mg/L) 

 

Soil treatment 

LER 

(mm/d) 

Shoot 

DW 

(g/plant) 

Root 

DW 

(g/plant) 

Total root 

length 

(m/plant) 

 

 

 

 

0 

Kalannie soil (T0) 34.2   i 0.18   gh 0.11  f 13.8   d 

T0 + 100% of RLD for subsoil 38.6   b 0.40   bcd 0.17  cdef 38.5   abcd 

T0 + 4 mg Mg/kg soil (MgSO4.7H2O) 35.9   fgh 0.28   fg 0.15  ef 24.9   bcd 

T0 + 20 mg Mg/kg soil (MgSO4.7H2O) 37.0   def 0.33   cdef 0.21  bcde 35.6   abcd 

T0 + 100 mg Mg/kg soil (MgSO4.7H2O) 36.2  efgh 0.32   def 0.23  abcd 20.4   cd 

T0 + 4 mg Mg/kg soil (MgCl2.6H2O) 35.9   fgh 0.29   ef 0.17  cdef 24.1   bcd 

T0 + 20 mg Mg/kg soil (MgCl2.6H2O) 37.3   cde 0.34   cdef 0.19  cdef 33.7   abcd 

T0 + 100 mg Mg/kg soil (MgCl2.6H2O) 34.9   hi 0.26   fgh 0.15  def 19.6   cd 

 

 

 

 

200 

Kalannie soil (T0) 36.3   efg 0.34   cdef 0.18  cde 31.3  abc 

T0 + 100% of RLD for subsoil 40.7   a 0.54   a 0.28  abc 55.8   a 

T0 + 4 mg Mg/kg soil (MgSO4.7H2O) 37.1   cdef 0.38  bcde 0.26  abcd 47.3   ab 

T0 + 20 mg Mg/kg soil (MgSO4.7H2O) 37.9   bc 0.46   ab 0.33  a 53.8   a 

T0 + 100 mg Mg/kg soil (MgSO4.7H2O) 36.1  efgh 0.30   ef 0.15  def 26.1   bcd 

T0 + 4 mg Mg/kg soil (MgCl2.6H2O) 36.8   def 0.43   bc 0.31  ab 47.4   ab 

T0 + 20 mg Mg/kg soil (MgCl2.6H2O) 38.3   bc 0.47   ab 0.31  ab 51.9   a 

T0 + 100 mg Mg/kg soil (MgCl2.6H2O) 35.4   gh 0.17   h 0.12  ef 18.5   cd 

† RLD: Recommended Lime Dose  



FIGURES 

 

Figure 1: Leaf chlorophyll content of wheat in response to foliar Mg application (0, 50, 200 and 1000 

mg Mg/L from MgSO4.7H2O) at 10, 15, 20, 25, 30 and 35 days after sowing (DAS) (exp. 1). The 

effect of soil treatment and the interaction between foliar Mg applications were both non-significant 

(at α=0.05). Means ± standard error, n=2. Means with different letters at each time point on the X-

axis are significantly different (P≤0.05) and ‘ns’ stands for non-significant variation (at α=0.05).  



 

Figure 2: Changes in shoot and root dry weight (g/plant) of wheat in response to: a) foliar Mg 

application (left) and b) soil treatment (right), with the interaction between foliar Mg application and 

soil treatment being non-significant (at α=0.05) (exp. 1). Means ± standard error, n=2. Shoot or root 

means with different letters are significantly different (P≤0.05).  

  



 

 

Figure 3: Shoot Mg concentration of wheat in response to foliar Mg application and growing in 

different soil treatment (exp. 1). Means ± standard error, n=2. Means with different letters are 

significantly different (P≤0.05).  



 

Figure 4: Root Mg concentration of wheat in response to different soil treatments (exp. 1). The effect 

of soil treatment and the interaction between foliar Mg application and soil treatment were non-

significant (at α=0.05). Means ± standard error, n=2. Means with different letters are significantly 

different (P≤0.05).  

  



 

 

Figure 5: Changes in shoot and root dry weight of wheat in response to: a) foliar Mg application (left) 

and b) soil treatment (right), with the interaction between foliar Mg application and soil treatment 

being non-significant (at α=0.05) (exp. 2). Means ± standard error, n=3. Means with different letters 

are significantly different (P≤0.05).  

  



 

 

Figure 6: Shoot and root Mg concentration in wheat in response to: a) foliar Mg application (left) and 

b) soil treatment (right), with the interaction between foliar Mg application and soil treatment being 

non-significant (at α=0.05) (exp. 2). Means ± standard error, n=3. Means with different letters are 

significantly different (P≤0.05).  

  



 

 

Figure 7: Total root length (m/plant) of wheat in topsoil in response to: a) foliar Mg application (left) 

and b) soil treatment (right), with the interaction between foliar Mg application and soil treatment 

being non-significant (at α=0.05) (exp. 2). Means ± standard error, n=3. Means with different letters 

are significantly different (P≤0.05).  



 

Figure 8: Total root length (m/plant) of wheat in the subsoil in response to soil treatment (exp. 2). 

The effect of foliar Mg application and the interaction between foliar Mg application and soil 

treatment were non-significant (at α=0.05). Means ± standard error, n=3. Means with different letters 

are significantly different (P≤0.05).  


