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Abstract 
Manganese (Mn) as an essential plant micronutrient affects plant development, when at deficient or toxic levels. 
Manganese is used in several biological processes as an important contributor in plant growth and development. 
Manganese uptake depends on forms of Mn in soil solution, crop characteristics including growth rate, and ineteractions 
with other environmental factors. Its distribution in soils and requirement for crops vary from location to location, 
depending on soil type and reactions. Despite the metabolic roles of Mn in different plant cell compartments, the 
importance of Mn requirement in plants, distribution in soils and application to crops has been understated. As a 
micronutrient, judicious Mn management requires to critically evaluating its concentration in soils, biochemical 
functions, critical levels, soil availability and interactions with other nutrient elements is essential. This review has 
critically analysed the existing body of knowledge on Mn distribution in soils, dynamics, functions and management 
towards better crop production and safe environment.  
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Introduction 
The production of crops is often restricted by the low 
phytoavailability of essential elements and/or the 
presence in the soil solution of too many potentially 
toxic mineral elements (White and Brown, 2010). 
Micronutrients are essential nutrient elements that are 
found in trace amounts in plant tissue, but play a critical 
function in plant growth and development. Manganese 
(Mn) is a distinctly favourable micronutrient that plants 
essential for optimum growth. Manganese plays an 
important role in many physiological processes such as 
photosynthesis and acts as an activator or cofactor in at 
least 35 enzymes and is involved in metabolic processes 
(Diedrick, 2010). It is a constitutional element of the 
photosystem-II water oxidizing system and donates in 
chlorophyll production. Manganese and zinc (Zn) are 
closely related due to their participation in enzyme 
systems (Millaleo et al., 2010). Manganese ion (Mn2+) 
is transformed to Mn3+ or Mn4+ easily where Mn plays 
a vital role in oxidation and reduction processes by 
electron transport in photosynthesis.  An important anti-
oxidant such as SOD (superoxide dismutase) is the 
structural part of Mn that inhibits the formation of free 
radicals in plant cells, which destroys plant tissue. 
Involvement of Mn in protecting plants against 
pathogens is reported by Brady and Weil (2012). As a 
mineral element, it is nutritionally required while at the 
same time can be toxic. The need for micronutrients as 
Mn for plants was first found in 1922 (Mulder and 
Gerretsen, 1952).  
 
Manganese is of critical concerns in both plant and soil 
by two ways with its deficiency on the one hand and its 
toxicity on the other.  In both cases there is a reduction 
in the yield and growth of the crop and a negative affect 

on the biochemical processes of the soil. The amount of 
Mn varies from soil to soil. The total amount of Mn in 
the soils fluctuates beteeen 20 to 3000 ppm and on 
average it is 600 ppm (Schulte and Kelling, 1999). It 
participates in many complex and uneven reactions in 
the soil such as oxidation reduction (redox), ion 
exchange, specific adsorption and solubility equilibria 
etc. (Norvell, 1988). The amount of available Mn in the 
soil is affected by soil pH, organic matter, moisture and 
soil aeration (Michael et al., 2001). As the pH of the soil 
decreases, the availability of Mn increases in the soil. 
Lack of Mn in alkaline soils is very common which 
limits the growth and yield of plants. Manganese 
deficiency is widespread but calcareous soils, soils with 
high pH and low ventilation are mainly Mn deficient 
(Behera and Shukla, 2014). Lack of Mn in human body 
is rare. However, due to the toxicity of Mn, hepatic 
cirrhosis, polycythemia, dystonia, and Parkinsons 
disease are often seen (Li and Yang, 2018).   
 
The concentration of Mn in plant tissues ranges from 50 
to 150 ppm (Schulte and Kelling, 1999). The critical 
level of Mn varies depending on the cultivar, crop 
species and environmental conditions and its range from 
10 to 50 µg g-1 dry matters (Michael et al., 2001). Low 
levels of Mn as an essential micro nutrient are necessary 
for normal nutrition and growth of plants. The content 
of Mn in the leaves of the crop species varies from 30 to 
500 mg kg-1 (Clarkson, 1988). If excessive amounts of 
Mn are present, it is extremely toxic to the plant cells 
(Migocka and Klobus, 2007). Manganese usually 
accumulates in the peripheral cells of the leaf petiole 
and palisade and spongy parenchymatous cells. Toxicity 
of Mn in acidic soils is an important feature that inhibits 
plant growth. Plant growth and photosynthesis are 
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reduced if the soil contains high levels of Mn. Mn 
toxicity usually starts when the soil pH is 5.5 or lower 
but it is seen when the soil pH is less than 6.0.  
 
Crop species such as wheat, soybean, mustard and 
common beans are very sensitive to Mn deficiency and 
they respond positively to the application of Mn 
fertilizer. Lack of Mn in the above mentioned crops 
results in reduced dry matter production and yield, 
weakens the immune system against pathogens and 
decreases heat and drought resistance. However, very 
little attention has been paid to Mn and its role in plant 
and soil. Therefore, the effect of Mn fertilizer on these 
crops is necessary to be identified. Intensive cropping, 
cultivation of high yielding crop varities, imbalanced 
fertilization without micronutrients, little or no use of 
organic manures have resulted in depletion of 
micronutrients in Bangladesh soil. Critical limit of a 
nutrient in soils refers to a level below which the crops 
will readily respond to its application. For all crops and 
varieties under varying soils and environmental 
conditions, one important critical limit may not be used. 
Information on the use of Mn fertilizer come from soil 
testing laboratories should be based on the critical limits 
of extractable Mn for different crops and soils. This will 
also save different amount of fertilizers being wasted by 
the farmers while growing the crops. The threshold 
value of Mn in soil and plant assumes greater 
importance in monitoring the sustainability related to 
soil Mn reserve.  
 
This review article focuses on Mn as a micronutrient 
mentioning its biochemical functions, critical levels, 
distribution and chemistry in soil, deficiency and 
toxicity in plant and soil, interactions with other nutrient 
elements and recommendation for application in order 
to highlight the significance of Mn in agriculture for 
better crop production.  
 
 
Biochemical functions of Mn 
Manganese plays a vital role in biological systems 
because it exists in a type of oxidation states and is 
concerned in activation of mutiple enzyme systems 
(Mukhopadhyaya and Sharma, 1991). It is analogous to 
metalic element as magnesium (Mg2+) as each ion 

connects adenosine triphosphate with complexes of 
enzymes like phosphotransferase and phosphokinase. 
Dehydrogenase and decarboxylase in the Krebs cycle 
and ribonucleic acid polymerase are also activated by 
Mn2+ (Marschner, 1995; Burnell, 1988). Managanese 
plays an effective role of nitrate reduction; nitrate 
accumulates in the leaves which cause Mn deficiency. 
Lack of Mn causes lignin deficiency in plant and it takes 
on a deadly shape at the roots of the plant, reducing its 
resistance to attack fungi infection (Marschner, 1995). 
The role of Mn in lipid metabolism is not clear though 
(Ness and Woolhouse, 1980). Hydrogen peroxide is 
produced with the help of peroxidase enzyme, which is 
another Mn-dependent enzyme that helps prevent 
pathogen. Hydrogen peroxide is not only associated 
with cell wall stability but is also toxic to pathogens 
(Heine et al., 2011) and acts as a fungicide (Graham and 
Webb, 1991). 
 
Due to the deficiency of Mn the plant height, dry matter 
yield and the amount of chlorophyll decreases (Polle et 
al., 1992). Excess magnesium supplimentation 
alleviates the effects of high Mn level by increasing the 
biomass, the concentration of the chlorophyll, 
deoxyribonucleic acid, Hill reaction activity, and the 
activity of peroxidase (Heenan and Campbell, 1981). If 
broad bean (Vicia faba L.) seeds are treated with Mn, 
they affect total chlorophyll content, growth, Mn 
accumulation in root and shoot, proline content and 
peroxidase activity. Roots and shoots of broad bean are 
increased positively in response to increasing Mn level 
which is more in the roots than in the shoots. The 
application of Mn increases the amount of total 
chlorophyll (Arya and Roy, 2011). Application of 
MnSO4 with FeSO4 and ZnSO4 increased the 
chlorophyll content and photosynthesis in plant which 
in turn increases the biological yield, seed weight and 
seed yield of soybean (Sharma and Misra, 1997; 
Bhanavase et al., 1995).  
 
Manganese requirement in crops 
Manganese is an essential micronutrient that, relative to 
iron, is required by plants in the second largest quantity. 
Crops can be divided into three major groups on the 
basis of the Mn requirement, such as high Mn 
responsive, medium Mn responsive and low Mn 
responsive (Brouder et al., 2003). 
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Fig. 1. Diagram showing Mn responsiveness in plants (modified from Ray et al., 2015) 
 
On the low-Mn soils, crop species and cultivars differ 
drastically in their ability to grow. Nevertheless, the 
critical tissue Mn requirement lies between 10-20 mg 
Mn kg-1 for most plant species. Soybean, for example, 
is a high Mn-requiring plant and its root nodule 
bacteroids use nicotinamide-adenine dinucleotide 
(NAD)-malic enzyme activated by Mn to obtain energy 
from the plant. In order to release fixed nitrogen from 
root nodules into leaves and growing pods, Mn-
dependent enzymes are needed (Winkler et al., 1985). 
The concentration of Mn in rice stems and leaves 
increased with the rise in Mn levels (Alam, 1985). The 
application of Mn substantially increased the 
consumption of Mn in wheat plants, suggesting that the 
requirement of Mn for wheat is higher than for other 
crops (Fageria and Baligar, 1997). Research results 
indicate that for optimal growth and photosynthesis, the 
C4-NAD malic enzyme species have a 10-30 fold 
greater tissue requirement for Mn (Kering et al., 2009).  
 
Critical levels of Mn in soil 
In plants, every essential nutrient has a particular role to 
play and its existence in the above critical concentration 
is a must for a plant to complete its life cycle. Not only 
for soil and crop species, but also for different varieties 
of a given species, the critical limits or levels can differ 
(Singh and Agrawal, 2007). Soils, crops and methods of 
extraction are essential factors in deciding the critical 
limit of nutrient. For balanced fertilization to obtain 
optimum crop yields, evaluation of the critical limit of 

Mn is important. In order to divide the soil of a specific 
region into deficient and non-deficient classes, essential 
levels of Mn are needed, either in soil or in plant. It helps 
fix the application dose of Mn to achieve the expected 
crop yield. Using the diethylene triamine-penta acetic 
acid (DTPA) extraction process, the critical limit for Mn 
in Bangladesh soil (Esatern Gangetic Plain) was fixed 
1.0 ppm in few decades back but continued to be used 
till to date (FRG, 2018). The critical level of Mn in 
ustochrepts soil of India is 2.9 mg kg-1 for green gram 
(Bansal and Nayyar, 1989). As per the statistical tool R- 
project and scatter diagram, 5.85 mg Mn kg-1 soil is 
fixed as the critical limit of Mn for wheat under goradu 
soil of India (Bairwa, 2015). In another study, the 
critical level of Mn is 3.3 mg kg-1 by using both 
graphical and statistical models for soybean (Bansal and 
Nayyar, 1990). Critical Mn deficiency level in recently 
matured terminal leaflet blade at V6 growth stage 
(before flowering) in soybean plant is 22.0 µg g−1 
(Keisling and Mullinix, 1979). In Shirpur Tahsil 
Khandesh region of Maharastra, the critical limit of Mn 
is 2.4 mg kg-1 for Mn deficient soil (Mahashabde et al., 
2012). By the same method, the critical limits of Mn in 
different Egyptian sandy and calcareous soils are 1.4 
and 1.2 µg g-1, respectively (Elgala et al., 2008). In 
calcareous soils of Iran, the critical Mn level is 4.3 mg 
kg-1 for wheat (Ziaeian and Malakouti, 2000) whereas 
in some selected soils of Mazandaran province of Iran 
is 4.10 mg kg-1 with Cate-Nelson method for soybean 
(Asadi et al., 2004). Dryland wheat requires more Mn 

Crops requiring Mn 

High Mn responsive crops Medium Mn responsive Low Mn responsive 

Cereals: Wheat, paddy, 
sorghum 

Oilseeds:  Soybean, mustard,      
rapeseed, sunflower 

Pulses: Field pea, lentil, 
chickpea 

Vegetables: Cucumber, garden 
pea, potato, sweet potato, 
raddish  

Fruits: Banana, cherry, apple, 
raspberry, guava, mandarin 
orange, watermelon 

Commercial: Sugar cane, 
sugarbeet 

Cereals: Barley, maize, oat, millet, 
alfalfa 

Oilseeds:  Groundnut, sesame, 
linseed, castor 

Pulses: Pigeonpea 

Vegetables: Carrot, okra, broccoli, 
cauliflower, tomato, cabbage, 
knolkhol, brinjal, french bean,  

Fruits: Mango, litchi, kiwi, 
papaya, strawberry 

Commercial: Tea 

Spices: Coriander 

 

Cereals: Buckwheat 

Oilseeds: Cotton  

Pulses: Mungbean, cowpea, 
rice bean, rajma 

Vegetables: Pumpkin, gourd 

Fruits: Jackfruit, peach, 
pineapple, passion fruit, plum, 
gooseberry, 

 

Commercial: Colocasia 

Spices: Garlic, ginger 
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than other micronutrients. Soil Mn critical limit for 
dryland wheat is greater than irrigated wheat. Critical 
levels of Mn for irrigated and dryland wheat are 5.0 and 
5.5 mg kg-1, respectively (Lindsay and Norvell, 1978; 
Agrawal, 1992; Feiziasl et al., 2009). Balali et al. (2000) 
reported that in Kermanshah province of Northwestern 
Iran, which had a maximum Mn critical level of 4.6 mg 
kg-1, calculated Mn critical value as 4.3 mg kg-1 by Cate-
Nelson graphical method for irrigated wheat. Different 
extractable methods rely on the critical level of Mn. 
Four extractable methods, such as Double Acid- 2.6 
ppm, DTPA-0.22 ppm, Mehlich (NH4Cl-NH4F)-1.8 
ppm and AB-DTPA (NH4HCO3-DTPA)-0.4 ppm in 
soybean sandy soil are used to assess essential 
deficiency levels using the Cate-Nelson process 
(Shuman et al., 1980). 
 
Managnese toxicity in plant and soil 
The signs of Mn toxicity differ widely as the most 
common symptoms among plant species with chlorotic 
leaves and necrotic spots (Millaleo et al., 2010). The 
concentration of toxic Mn is highly dependent on plant 
species and genotypes (Broadley et al., 2012; Fernando 
and Lynch, 2015). Excess Mn may be stored in vacuoles 
(Dou et al., 2009), cell walls (Fuhrs et al., 2010), and 
distributed to various leaf tissues (Fernando et al., 
2006). Amao and Ohashi (2008) suggested that high 
concentrations of Mn in spinach leave inhibit oxygen 
activity resulting from the PS-II complex. Similarly, 
excessive Mn at the molecular level can prevent the 
absorption and translocation of other essential elements 
such as Ca, Mg, Fe, and P (Blamey et al., 2015; Leskova 
et al., 2017). Therefore, plants that are deficient in iron, 
calcium, magnecium, phosphorus or silicon may exhibit 
Mn toxicity (El-Jaoual and Cox, 1998). Manganese 
toxicity causes necrotic or brown spots to display on the 
older leaves (Figure 2). Manganese toxicity also 
frequently causes chlorosis (pale or yellow colour), 
most extreme on the younger leaves, due to an induced 
iron deficiency (Millaleo et al., 2010). Either one or 
both of these symptoms can be observed in crops 
affected by Mn toxicity. These symptoms are occured 
less in up light intensity compared with less light 
intensity. Manganese toxicity begins with chlorosis in 
the older leaves and spreads to younger leaves 
(Reichman, 2002; Wissemeier and Horst, 1992). Excess 
Mn or Mn toxicity decreases the rate of CO2 
assimilation and stomatal conductance, resulting in 
decreased shoot biomass in turn. The activity of 
antioxidant enzymes such as peroxidase (POD), 
superoxide dismutase (SOD) and catalase (CAT) is 
increased at Mn doses (Santos et al., 2017). The 
activities of POD and SOD in the presence of high Mn 
divide in the roots are the main physiological responses 
of soybean plants. Mn toxicity can be removed by using 
a high amount of magnesium (Terry et al., 1975). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                               
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Mn toxicity in soybean and wheat crops 
 
One of the main threats to plant growth on acid soils is 
toxicity from Mn. Manganese toxicity is normally 
associated with soils of pH 5.5 or lower, but can occur 
if the pH of the soil is lower than 6.0. Plants fertilized 
with acid-forming fertilizers such as superphosphate, 
nitrate, etc are likely to be harmful to Mn. (El-Jaoual 
and Cox, 1998). Poor drainage, waterlogging, or soil 
compaction leading to Mn toxicity can result in 
insufficient soil aeration, even in slightly acidic soils. 
Again in strongly acidic soils, Mn toxicity can occur in 
combination with aluminium (Al) toxicity (Mahoney et 
al., 1981). However, at a soil pH which is too high for 
Al toxicity to impact plant growth, it is possible to have 
Mn toxicity. 
 
Mn deficiency in plant and soil 
Nutrient deficiencies are subjective and excessive 
amounts of another element are indicated by a 
deficiency of one element. Thus, as a consequence of 
nutrient deficiency or imbalance, plants exhibit external 
signs of intense hunger. Manganese deficiency is found 
in plants without strong visual signs. Generally, the 
essential concentration for plant Mn deficiency is below 
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10 mg kg-1 dry weight (Broadley et al., 2012). Pale 
mottled leaves and interveinal chlorosis are the most 
visible symptoms of Mn disorder (Schmidt et al., 2016) 
(Figure 3).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Mn deficiency in soybean and wheat crops 
 
Typical symptoms of Mn deficiency first occur in 
younger leaves because of the low phloem mobility of 
Mn (Li et al., 2017), which vary with Mg deficiency in 
plants that manifest mainly in older leaves. (Longnecker 
et al., 1991). Under extreme Mn deficiency, leaves can 
also develop gray speck symptoms, which are marked 
by brownish or necrotic spots (Broadley et al., 2012). 
Manganese deficiencies are sometimes recognized in 
dicot plants with small yellow spots on leaves, while 
signs of Mn deficiency occur as tape and gray-green 
spots on the base of leaves in monocot plants. Necrotic 
spots have been suggested to be the result of an increase 
in free oxygen radicals in damaged chloroplasts and a 
decrease in MnSOD activity (Hajiboland, 2012).  
 
In roots, an increase in the frequency of root hairs can 
be observed under Mn deficiency (Yang et al., 2008). If 
the deficiency becomes more severe, root tips can 
develop serious necrosis (Yamaji et al., 2013). 
Manganese deficiency causes lignin concentrations to 
decrease, particularly in plant roots (Rengel et al., 

1993). The Mn-deficient plants are more prone to fungal 
diseases like take-all caused by the fungus 
Gaeumannomyces graminis and weed infestation with 
less biomass production. Manganese deficiencies in 
plant tissues is caused by impairment in fatty acid 
production, which can adversely affect the cuticular 
wax deposition, as wax synthesis starts with fatty acid 
synthesis in plastids. Since the wax layer is responsible 
for limiting the loss of non-stomatal water and reducing 
the heat load on the leaves, weakening of this layer may 
lead to an increase in crop sensitivity to both drought 
and heat stress due to Mn deficiency. Latent Mn 
deficiency in barley, for example, is found to 
significantly reduce the wax content (up to 40 percent), 
resulting in increased transpirational water loss and 
lower efficiency of water usage (Hebbern et al., 2009). 
Manganese deficiency has very severe effects, in 
particular on non-structural carbohydrates and root 
carbohydrates. Due to Mn deficiency, crop quality and 
quantity decrease, and this is due to low pollen fertility 
and low carbohydrates during grain filling. Plant growth 
may also be reduced and stunted (Marschner, 1995). 
The key indication of deficiency is a decrease in the 
efficacy of photosynthesis, leading to a general decrease 
in the productivity and yield of dry matter. Therefore, 
Mn deficiency has adverse effects on the photosynthetic 
apparatus, such as damage to the chloroplast structure 
and reduction in the amount of chlorophyll and net 
photosynthesis, due to reduced photosynthetic electron 
transport and oxidative stress (Ndakidemi et al., 2011; 
Schmidt et al., 2016).   
 
The frequency and severity of Mn deficiency depend on 
seasonal conditions, as Mn deficiency in the cold and 
wet seasons is more extreme due to decreased metabolic 
activity of the roots in Mn uptake (Bately, 1971). In 
coarse-textured soil with high pH, Mn leaching is the 
key pathway for Mn loss, while excessive Mn 
absorption is the primary pathway for Mn loss in clay-
textured and acid soil (Lu et al., 2004; Mousavi et al., 
2011). Soils rich in organic matter are deficient in Mn 
(more than 6%). As the volume of organic matter 
increases in the soil, due to higher organic matter 
formation and Mn complexes, the amount of 
exchangeable Mn decreases. In addition, certain soils, 
especially as a result of huge amount of fertilizer and 
lime applications, can cause Mn deficiency. 
 
Mn distribution in Bangladesh soil 
With advancement of time, soil micronutrient 
deficiency has arisen in floodplain soils of Bangladesh 
like macronutrients. Sarker et al. (2018) reported that 
available Mn level of top soil (0-15 cm depth) in AEZ 
19 (Old Meghna Estuarine Floodplain) during the year 
2011-2012 varied from 3.0-141.2 mg kg-1 (mean 24.8 
mg kg-1) whereas previous Mn status of that soil (1997-
2002) ranged from 4.0-148 mg kg-1 (mean 41.2 mg kg-

1). These results reflect an indication of declining Mn 
status in the Old Meghna Estuarine Floodplain soils. 
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Again, the topsoil (0-15 cm) Mn status (ranging from 
3.0-141.2 mg kg-1 and average 24.8 mg kg-1) was higher 
compared to subsoil (15-30 cm) Mn status (3.95-100 mg 
kg-1 and average 20 mg kg-1). Generally, intensive crop 
cultivation, imbalanced use of fertilizers, leaching loss 
etc. are the vital factors of Mn decline in soil. It is 
expected that Mn level might be low in calcareous soil 
of Bangladesh with high pH. According to upazila 
nirdeshika of SRDI (Soil Resource Development 
Institute), Mn deficient soils are rare in Bangladesh. 
Previously, according to the reports of SRDI (LSRUG 
1997; 2013), the amount of available Mn has a 
decreasing trend in calcareous alluvium of Ramgoti 
upazila under Laxmipur district (AEZ 18) with time. 
The previous (1995) Mn statuses in Ramgoti, Nilkomol 
and Hatiya series of Ramgoti upazila were 21.1, 21.5 
and 26 ppm, respectively whereas the present (2013) 
Mn statuses are 6.97, 8.67 and 10 ppm, respectively 
(Figure 4).  
 

 

 

 

 

 

 

Fig. 4. Comperative study of soil Mn status in different 
series of Ramgati upazilla (LSRUG, 1997; 
2013)  

 
A different scenario was observed for piedmont soils of 
Bangladesh. Recently, Sarker et al. (2020) reported that 
the available Mn status of soils in AEZ 22 (Northern and 
Eastern Piedmont plain) was categorized as very high in 
both previous (1996-2003) and present status (2011-
2012)  ranging  from  4.0  to  171  (average 44.6 μg g-1) 
and  17  to  91 μg g-1 (average 45.1 μg g-1), respectively. 
Again, the Mn content ranged from 9.6 to 67.4 μg g-1 
(average 28.8 μg g-1) in the sub-surface soil which was 
comparatively lower than surface soil. Research is 
needed to evaluate the present Mn status of soils in 
different AEZs and to develop Mn map of Bangladesh. 
 
Manganese transformation in soil 
Water logging causes a reduction of MnOx by 
decreasing the O2 concentration leading to an increase 
of Mn2+ in soil solution up to toxic levels (Khabaz-
Saberietal, 2006). Manganese is one of nature's most 
plentiful and widely dispersed metals and constitutes 

about 0.1 percent of the crust of the earth (Emsley, 
2003). Manganese can exist in 11 oxidation states, 
ranging from –3 to +7, but in soils, Mn is mainly present 
as +2 (e.g. Mn2+), +3 (e.g. Mn2O3) and +4 (e.g. MnO2). 
Availability of Mn to plants depends on its oxidation 
state; Mn2+ is the only plant-available form which can 
be readily transported into root cells and translocated to 
the shoot, whereas the oxidized species Mn (III) and Mn 
(IV) form insoluble oxides that rapidly form sediments 
(Stumm and Morgan, 1996). Mn2+ is the most soluble 
form of manganese. Mn4+ is soil-insoluble and should 
not be used by plants. Unless environmental factors turn 
it into Mn2+, plants can not transform and use it. The 
prevalence of Mn4+ is typically encouraged by factors 
such as good soil aeration and acidic or alkaline pH. 
However, Mn4+ is reduced to Mn2+ when the soil is 
humid or waterlogged and soil oxygen is low (Rengel, 
2015). When oxygen is depleted from the growing 
medium, changes in the redox potential occur; in such a 
case, NO3

-, Mn, and Fe serve as alternative electron 
acceptors for microbial respiration, and are transformed 
into reduced ionic species. This process increases the 
solubility and availability of Mn and Fe. The chemistry 
of Mn in soils with high pH where poor availability of 
Mn may occur is not completely understood (Clark and 
Baligar, 2000; Pan et al., 2014). Manganese 
concentration in soil solution could theoretically 
decrease 100-fold with each unit of pH rise in aerated 
soils (Barber, 1995). Manganese exists in a number of 
forms in the soil, including soil solution Mn2+, 
exchangeable Mn2+, organic compounds, various 
minerals, and as other ions (Fageria et al., 1990). The 
relative water content, xylem exudation, leaf water 
potential of soybean plants are sharply decreased at 75 
mM NaCl salt combined with water shortage 
environment (Shawquat et al., 2015). Soil 
microorganisms also appear to reduce the availability of 
Mn by oxidizing Mn to less-available forms and 
competing with crops for available Mn. Poor soil 
aeration, or reduced oxygen level, usually is caused by 
excess moisture along with high microbial activity. 
High microbial activity, when soil temperatures and 
organic carbon sources are favorable, absorbs oxygen. 
Manganese oxide is converted to soluble Mn (Mn2+) as 
a consequence. Soluble Mn leaches out of the soil after 
a long period of waterlogged conditions. Manganese 
and iron deposits may plug tile lines as drainage water 
carrying these elements contacts air in the tile. Short-
term waterlogged conditions lead to the toxicity of Mn, 
but prolonged wet conditions can result in Mn 
deficiency, as in a marsh (Patiram et al., 2000; Chaudari 
et al., 2012). 
 
Manganese dynamics in soil 
Manganese is the eleventh abundant element in the 
world which forms the crust of the earth after iron (Fe) 
(Malakouti and Tehrani, 1999). It is important to 
calculate both the total and usable Mn in the soil. The 
distribution mechanism of Mn in various fractions helps 

M
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Soil series 
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to understand its soil retention and plant release 
(Shuman, 1979). Soil Mn release patterns in various 
cropping systems vary from soil to soil (Narender et al., 
2017). The total soil Mn distributed in various pools is 
shown in Figure 5. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 5. Seven steps of sequential fractionation for 
partioning Mn (Tessier et al., 1979) 

 
As the amount of Mn application increased, the content 
of Mn in all fractions increased (Yadava and Malik, 
2018). The form of Mn feeding is the most important to 
determine nutrient uptake and growth under various soil 
conditions. Narender et al. (2016) showed that in 
reaction to changing soil properties, the distribution of 
Mn among different chemical forms varied. In all the 
fractions, the content of Mn in soils decreased with 
increasing soil depth. Mn occurs in the soil as an 
exchangeable manganese, manganese oxide, organic 
manganese and ferro-manganese silicate minerals. The 
manganese ion (Mn2+) is comparable to magnesium 
(Mg2+) and ferrous iron (Fe2+) and can substitute silicate 
minerals and iron oxides for these components (Schulte 
and Kelling, 1999).  
 
The Mn forms do not exhibit any consistent distribution 
pattern. Their content is higher in fine textured soils 
compared to coarse textured soils, regardless of the 
different fractions of Mn. The soil solution plus 
exchangeable Mn retained onto organic site and oxide 
surface (amorphous) and increased with increase in 
organic carbon, silt and clay contents.With an increase 
in silt and clay content, Mn adsorbed onto the inorganic 
site (crystalline) is increased. With an increase in 
organic carbon content, DTPA-Mn rises, whereas Mn is 
adsorbed on oxide surfaces. Total Mn is closely 

associated with soil organic carbon, silt, and clay 
material (Sharma et al., 2016). The proportion of Mn 
fractions collected from the soil is as follows: adsorbed 
to oxide surfaces > adsorbed to inorganic surfaces > 
organically bound > DTPA > soil solution + 
exchangeable (Sharma et al., 2011). Total and 
extractable Mn varied widely with extractants and soil 
series of different states of India. In the most urbanized 
region of India, the usable and total status of soil Mn is 
205-2800 and 2737-10,122 mg kg-1, with mean values 
of 1178 and 2274 mg kg-1, respectively (Khageshwar et 
al., 2015). Mn available for Rajasthan soil ranges from 
2.05 to 12 ppm. Usable Mn decreases significantly in 
some of the large soil groups with calcium carbonate 
(Mehra and Baser, 1991). Singh (2009) noted that Mn 
deficiency in wheat exists in many parts of the globe, 
where soils, such as loamy sand soils, have very low 
available Mn status. 
 
Use of Mn fertilizers  
The use of chemical fertilizers is very imbalanced which 
is not dependent on plants requirement in most regions 
of the globe. Each element in proper plant nutrition 
should be adequately accessible to plants, and balanced 
nutrient fertilization is essential (Alloway, 2008). 
Micronutrient deficiencies such as Zn, B and Mo in 
many soils in Bangladesh have recently been identified 
(FRG, 2018). As Mn deficiency in our soil still remains 
uncertain, the application of Mn as fertilizer is not well 
practiced in Bangladesh. Due to the conversion of the 
applied Mn from inaccessible forms, the recovery of the 
applied Mn in all soils is poor. For the better yield and 
quality of certain crops in many regions, the soil or 
foliar application of Mn is crucial. 
 
Up to 10 ppm of Mn alone increased rice's dry matter 
yield, while yield decreased with a further increase in 
Mn levels (Alam, 1985). With Mn foliar application, 
crop yield increased due to increasing photosynthesis 
efficiency and carbohydrate synthesis such as starch 
(Diedrick, 2010). Soil application of 20 mg Mn kg-1 soil 
substantially improved green gram yields (Bansal and 
Nayyar, 1989). Brennan and Bolland (2003) 
demonstrated that the use of Mn fertilizer (MnSO4 and 
MnO) doubled the yield of lentils grown on Australia's 
Mn-deficient alkaline soils. The application of 
manganese sulphate to irrigated wheat improved its 
yield and quality significantly. Soil application of 
MnSO4.4H2O has been shown to be 1.5 and 10 times 
more efficient than Mn-frits and MnO2, respectively, in 
rising wheat grain yields in sandy soils of Punjab 
(Bansal and Khurana, 2007). By microbial or chemical 
mobilization, Mn solubility is increased. Some wheat 
cultivars' low Mn efficiency is due to their reduced root 
growth and plant height at low soil Mn supply (Khan et 
al., 2008; Sadana et al., 2002). With foliar application 
of Mn, potato yield and quality are increased and dry 
matter storage is improved by the combined use of Mn 
and zinc (Mousavi et al., 2007).  

Soil Mn 

Exchangeable Mn 

Carbonates bound  Mn 

Organically bound  Mn 

Oxide Mn 

Amorohous Fe oxides bound Mn 

Crystalline Fe oxides bound Mn 

Residual Mn 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

232 

 

 
The spectrum of adequacy of Mn and its responsiveness 
differ from crop to crop. The soybean adequacy range 
for Mn is 20-100 ppm, which is high. Also, wheat 
responsiveness is high when the sufficiency range of 
Mn is 20-200 ppm (Brouder et al., 2003). Parker et al. 
(1981) reported that in five of the eight soybean 
cultivars, the addition of 11.2-22.4 kg ha-1 Mn to the soil 
increased leaf Mn in all cultivars and seed Mn content 
and seed yields (about 27 percent higher compared to 
control). In another analysis, 25 kg ha-1 Fe, 40 kg ha-1 
Zn and 40 kg ha-1 Mn recorded the highest production 
of soybean seeds and biomass (Vahid Ghasemian et al., 
2010). Foliar application of Mn on 10 cultivars of 
soybean increased the economic and biological yield, 
dry matter, Mn concentration and uptake by soybean 
plants (Bansal and Nayer, 1994). Ozbahce and Zengin 
(2014) reported that the form of Mn fertilizer, its doses 
and methods of application can have a major impact on 
dwarf bean yield and net revenue. Table 1 represents 
some fertilizer sources of Mn and the suitable Mn 
fertilizers for soil and foliar application are manganese 
sulfate (MnSO4.H2O) and chelated manganese 
(MnEDTA) as suggeted by Schulte and Kelling (1999).  
 
Table 1. Fertilizer sources of Mn with chemical formula 

and % Mn content 
 

Manganese source with 
chemical formula  

% Mn 
content 

Manganese carbontes (MnCO3) 31 
Manganese chelate (MnEDTA) 12 
Manganese chloride (MnCl2) 17 
Manganese dioxide (MnO2) 63 
Manganese oxide (MnO) 41-68 
Manganese sulfate (MnSO4.H2O) 36 

 
The beneficial aspects of nano-enabled fertilizers can 
become a highly valued tool for addressing the problem 
of global food security through better understanding and 
management. Nano Mn on wheat in near-neutral soils, 
for example, showed no evidence of apparent crop 
toxicity (Raliya et al., 2018). In this respect, the lack of 
stronger impact may be due to the original level of soil 
Mn being above the critical level for wheat and also the 
effects on vegetative and reproductive yields. There are 
major differences due to nano Mn on wheat as greater 
shooting (37%) and grain (12%) and the application of 
nano Mn as a foliar treatment will allow greater control 
over plant responses (Dimkpa et al., 2018). 
 
Application method 
a) Broadcast application 
Soil applications are short-term and costly at best, but 
can lead to significantly higher crop production. 
Manganese transmission along with other chemical 
fertilizers can in some cases, increase the level of soil 
testing or prevent Mn deficiency. However, broadcast 
applications of Mn fertilizer or attempts to build soil test 

Mn levels are not recommended particularly on high pH 
and high organic matter containing soils because of their 
capacity to fix Mn rapidly. The methods of broadcasting 
Mn application was found to be inefficient and in most 
cases ineffective since large quantities of fertilizers are 
needed to have some impact and the conditions in the 
soil quickly become inaccessible (Murdock et al., 
1977). According to Moosavi and Ronaghi (2011), soil 
appliction of Mn is not a successful method in 
preventing induced Mn reduction in soybean by Fe 
applications in calcareous soils.  
 
b) Band/row application 
The application of Mn fertilizers in bands or rows is 
more efficient than the broadcast application. After 
application, most of the fertilizers create an acid 
environment in the soil and if Mn is added into the band, 
this environment can help prevent it from being bound 
up and inaccessible (Murdock et al., 1977). Mixing Mn 
in a fertilizer band with ammonium nitrogen increases 
its availability. Although the use of Mn fertilizer 
alongside the line is better than broadcasting, in many 
cases it is still an improper practice. 
 
c) Foliar application 
By minimizing interaction with soil particles, foliar 
application of Mn decreases chemical fixation. Foliar 
application of Mn in soybeans remains an important and 
economically sound choice to prevent yield loss and 
nutrient imbalance in calcareous soils, as proposed by 
Moosavi and Ronaghi (2011). Crown root initiation, 
tillering and joining stages of wheat are important stages 
to apply MnSO4 in sandy soils (Dhaliwal and 
Manchanda, 2008; Sutradhar et al., 2017). The number 
of seeds plant-1 and seed yield of safflower grown in 
black clay soil in the South-East Australia are increased 
through foliar application of 500 g ha-1 Mn (Lewis and 
Mcfarlane, 1986).  
 
While foliar application is an effective procedure, when 
micronutrients are applied at high concentrations, it can 
cause leaf burning and occasional toxicity (Rehman et 
al., 2014). With foliar Mn applications, for optimum 
response, two or three applications are often required.  
Although foliar Mn application can supply sufficient 
Mn to overcome Mn deficiency, this strategy is 
expensive and often impractical for farmers on marginal 
lands. Moreover, foliar Mn sprays are only effective for 
a limited time period since Mn is very little mobile in 
the plant and does not remobilize from older leaves to 
Mn deficient young leaves (Li et al., 2017). 
 
d) Seed treatment 
Seed treatment (seed coating and priming) is pragmatic 
and cost-effective method of miconutrient application 
(Farook et al., 2012). Recently, Ullah et al. (2017) 
demonstrated that Mn application in rice as seed 
treatment (seed coating or seed priming) was better and 
more economical than soil or foliar application as this 
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method improved the yield-related traits, rice yield, 
water productivity and grain Mn contents of fine grain 
aromatc rice grown in both conventional and 
conservation production systems. 
 
Manganese interactions with other nutrients 
Nutrient interaction in crop plants is a very important 
factor affecting crop yields. Interaction may be positive, 
negative or neutral (Fageria, 2001). The main variables 
for interaction are soil, plant and climatic conditions. 
Interactions occur on the root surface that allows ions to 
form chemical bonds and complexes to precipitate 
(Fageria et al., 2002). Another form of interaction 

occurs between ions whose chemical properties are 
sufficiently similar and they compete for site of 
absorption, transport, and function on plant root surface 
or within plant tissues. Such interactions are more 
prevalent between nutrients of comparable size and 
charge (Wilkinson et al., 2000). The abundance of 
micronutrients in the soil not only increases the intake 
of the same micronutrients, but also influences the 
absorption of other micro and macro nutrients in the soil 
(Graham and Webb, 1991). Again, even in case of the 
same nutrient element, Mn interaction may be 
synergistic for one crop but antagonistic for another 
crop (Table 2). 

  
Table 2. Interaction effects of Mn with other nutrient elements in various crop species 

Nutrient 
element 

Interaction Crop species Effects on plants References 

N Antagonistic Barley  limited plant growth Husted et al. (2005) 
P Synergistic Potato, Rice, Soybean, 

Wheat,  
inhibited stem streak necrosis  Sarker et al. (2004), Shahandeh 

et al. (2003), Shuman and 
Anderson (1976), Sharma and 
Bapat (2000).  

 Antagonistic  Barley, Tomato decreased plant growth Pedas et al. (2011), Gunes et al. 
(1998) 

K Antagonistic Barley phytotoxicity Alam et al. (2003) 
S Synergistic 

Antagonistic 
Broccoli increased shoot fresh yield Akay and Uzun (2017) 

Ca Antagonistic Epibolium hirsutum L., 
Bean, Tomato,  
Soybean, Wheat 

small seedlings with small 
pale green leaves, crinkle leaf 
in the shoot apices and 
reduction in transpiration rate 

Islam (1986), 
Horst and Marschner (1978), 
Gunes et al. (1998),  Shuman and 
Anderson (1976) 

Mg Synergistic Soybean increased shoot dry weight 
and seed yield 

Kuwano et al. (2016), 
Moreira et al. (2003) 

Cu Antagonistic Barley limited plant growth Lombnaes and Singh         (2003) 
Fe  Antagonistic Tomato, Potato, 

Soybean,  
roots, stems and individual 
leaves  affected 

Tanaka and Navasero (1966), 
Lee (1972), Kovacevic et al. 
(2004). Heenan and Campbell 
(1983), 

Zn Antagonistic Maize, Annual 
Medics 

decreased dry matter, 
decresed plant growth 

Adiloglu (2006), 
De Varennes et al. (2001) 

 Synergistic Sweet corn, Soybean, 
Bean, Rice 

enhanced roots and shoots, 
enhanced shoot dry weight, 
increased kernel weight, 
shilling% and harvest index 

Soltangheisi et al. (2014), 
Kobraee and Shamsi (2015), 
Mahbobeh et al. (2011). Ishizuka 
and Ando (1968). 

Mo Synergistic Rice enhanced Mn uptake of shoot Zakikhani et al. (2014) 

Si Synergistic Maize, Lettuce, Pea, 
Carrot, Wheat 

promoted Mn translocation to 
the shoot 

Greger et al. (2018) 

 

 
Manganese recommendation for crops  
Balanced and timely nutrient management practices 
applied for crop plants contribute to sustainable growth, 
yield and quality of crops, affect plant health, minimize 
environmental risks, assists in integrated pest 
management and support higher income for the farmers 
(Hellal and Abdelhamid, 2013). The recommendation 
of Mn fertilizer depends on Mn deficiency. Before 

applying a Mn fertilizer, it is important to determine 
whether sample soils or plants need this element. As 
suggested by Lacerda et al. (2017), the most important 
aspect when applying micronutrients in the soil, 
topdressing or seed furrow, foliar or seed treatment, is 
the application time and dosage of micronutrients to 
provide the nutrients in adequate amounts the plant 
requires. In many areas of the world Mn as foliar 
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application is recommended in calcareous soils. 
Research is needed to elucidate the consequences after 
Mn fertilizer application in soil (comperatively low Mn 
status). Table 3 shows some recommended doses of Mn 
for different crops as suggested by some researchers. 
 
Table 3. Mn recommendation in various crops for yield 
maximization  
 

Crop  Recommended 
dose with method 

References 

Soybean 14.57 kg ha-1 
(broadcasting) 

Vahid Ghasemian et al. 
(2010) 

Wheat 16 kg ha-1, 
(broadcasting), 
0.5% (foliar) 

Abbas et al. (2011),  
Pahlavan-Rad et al. 
(2009) 

Corn 1.5 mg kg-1 (foliar) Nozulaidi et al. (2016) 
Potato 4 ppt (foliar) Mousavi et al. (2007) 
Bean 6-12 mg kg-1 

(foliar) 
Ozbahce and Zengin 
(2014) 

Sesame 3 kg ha-1 
(broadcasting) 

Habimana et al. (2016) 

 
Conclusions 

Manganese increases the photosynthetic efficiency and 
development of dry matter in plants as an important 
micronutrient for plant metabolic processes. By 
increasing plant tolerance to diverse diseases, it offers 
resistance to biotic stress. Both toxicity and Mn 
deficiency change cell-level physiological, biochemical 
and molecular processes. For the purpose of soil and 
plant interaction management, it is crucial to know the 
limitations of the soils, especially in relation to the 
deficiency and toxicity of Mn. Initial indication of 
potential Mn deficiency and toxicity will be provided by 
the soil test level and pH. In order to determine the 
optimum Mn fertilization for a crop, the identification 
of the critical limit of Mn in different soils is important. 
A crop's growing conditions, including soil type, 
organic matter, and past history, can help provide a 
more comprehensive image of Mn status of a cropping 
system.Thus, to improve crop production in our 
country, the knowledge on Mn requirement, uptake, 
dynamics, accumulation, and application is of 
paramount importance for efficient fertilizer 
management. 
 

References 

Abbas, G., M. Q. Khan, M. J. Khan, M. Tahir, M. 
Ishaque and F. Hussain. 2011. Nutrient uptake, 
growth and yield of wheat (Triticum aestivum 
L.) as affected by manganese application. 
Pakistan Journal of Botany, 43(1):607-616.  

Adiloglu, S. 2006. The effect of increasing nitrogen and 
zinc doses on the iron, copper and the 
manganesecontents of maize plant in 
calcareous and zinc deficient soils. Asian 

Journal of Plant Sciences, 5(3):504-507. doi: 
10.3923/ajps.2006.504.507 

Agrawal, H. P. 1992. Assessing the micronutrient 
requirement of winter wheat. Communication 
in Soil Science and Plant Analysis, 23(17-
20):2255-2568. doi: 
10.1080/00103629209368756 

Akay, A. and F. Uzun. 2017. Influence of manganese 
and sulphur fertilization on the mineral 
composition of Broccoli (Brassica oleracea L. 
var italica). Tarım Bilimleri Dergisi, 27(4): 
481-487. doi:10.29133/yyutbd.327996 

Alam, S. F., Akiha, S. Kamei and S. Kawai. 2003. 
Mechanism of potassium alleviation of           
manganese phytotoxicity in barley evaluated 
by short-term absorption of manganese-54          
and iron-59. Soil Science and Plant Nutrition, 
49(4): 485-492. doi: 
10.1080/00380768.2003.10410037 

Alam, S. M. 1985. Effects of iron and manganese on the 
growth of rice and on the contents of theses 
elements in rice. Agronmie, 5(6): 487-490. 

Alejandro, S., S. Holler, B. Meier and E. Peiter. 2020. 
Manganese in plants: from acquisition to 
subcellular allocation. Frontiers in Plant 
Science, 11:300. doi: 10.3389/fpls.2020.00300 

Alloway, B. J. 2008. Zinc in soils and crop nutrition. 
Second edition published by IZA and IFA, 
Brussels, Belgium and Paris, France, p. 113.  

Amao, Y. and A. Ohashi. 2008. Effect of Mn ion on the 
visible light induced water oxidation activity 
of photosynthetic organ grana from spinach. 
Catalysis Communication, 10(2): 217-220. 
doi: 10.1016/j.catcom.2008.08.022 

Arya, S. K. and B. K. Roy. 2011. Manganese induced 
changes in growth, chlorophyll content and 
antioxidants activity in seedlings of broad bean 
(Vicia faba L.). Journal of Environmental 
Biology, 32:707-711. 

Asadi, K. H. A., A. Charati and M. J. Malakouti. 2004. 
Determination of manganese critical level and 
its effects on yield of soybean in greenhouse. 
Iranian Journal of Soil and Water Sciences, 18 
(2):1. 

Bairwa, M. K. 2015. Evaluation of critical limit for 
manganese under Typic Ustochrepts soil. 
M.Sc. Dissertation, AAU, Anand, Gujrat, 
India. 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

235 

 

Balali, M. R., M. J. Malakouti, H. Mashayekhi and Z. 
Khademi. 2000. Micronutrients effects on 
yield increasing and their critical level 
determination in irrigated wheat soils. In: 
Balance nutrition of wheat (A complication of 
Papers), Malakouti, M. J. (Editors). 
Agricultural Education Publication, 
Washington, pp. 121-134. 

Bansal, R. l. and M.P. S. Khurana. 2007. Effectiveness 
of manganese carriers for the correction of its 
deficiency in wheat (Triticum aestivum). 
Indian Journal Ecology, 34: 58-59. 

Bansal, R. L. and V. K. Nayyar. 1994. Differential 
tolerance of soybean (Glycin max) to 
manganese in Mn deficient soil. Indian 
Journal of Agriculture Science, 64(9): 604-
607. 

Bansal, R. L. and V. K. Nayyar. 1989. Critical level of 
Mn in Ustochrepts for predicting response of 
green gram (Phaseolus aureus L.) to 
manganese application. Nutrient Cycling in 
Agroecosystems, 211:7-11. doi: 
10.1007/BF01054729 

Bansal, R. L. and V. K. Nayyar. 1990. Critical 
manganese deficiency level for soybean grown 
in Ustochrepts. Fertilizer Research, 25: 153-
157. doi: 10.1007/BF01161394 

Barber, S. A. 1995. Soil nutrient bioavailability. A 
mechanistic approach, Second edition, John 
Wiley & Sons, New York, USA, pp. 47-61.  

Batey, T. 1971. Manganese and boron deficiency in 
trace elements in soil and crops. Technical 
Bulletin, 21, Her Majestys Stationary Office, 
London, pp. 137-148. 

Behera, S. K. and A. K. Shukla. 2014. Total and 
extractable manganese and iron in some 
cultivated acid soils of India: Status, 
distribution and relationship with some soil 
properties. Pedosphere, 24(2):196-208. doi: 
10.1016/51002-0160 (14)60006-0   

Bhanavase, D. B., B. K. Jadhar, C. R. Kshirasager and 
P. L. Patil. 1994. Studies on chlorophyll, 
nodulation, nitrogen fixation, soybean yield 
and their correlation as influenced by 
micronutrient. Madras Agricultural Journal, 
81: 325-328.  

Blamey, F. P. C., M. Hernandez-Soriano, M. Cheng, C. 
Tang, D. Paterson and E. Lombi, et al. 2015. 
Synchrotron-based techniques shed light on 
mechanisms of plant sensitivity and tolerance 
to high manganese in the root environment. 

Plant Physiology, 169:2006–2020. doi: 
10.1104/pp.1500726 

Brady, N. C. and R. R. Weil. 2012. The Nature and 
Properties of Soil. Prentice Hall, Inc. United 
State of America, pp. 465-470. 

Brennan, R. F. and M. D. A. Bolland. 2011. Application 
of fertilizer manganese doubled yields of lentil 
grown on alkaline soils. Journal of Plant 
Nutrition, 26(6): 1263-1276. 

Broadley, M., P. Brown, I. Cakmak, Z. Rengel and F. 
Zhao. 2012. “Function of nutrients: 
micronutrients,”in Marschner’s Mineral 
Nutrition of Higher Plants, 3rd Edn, Marschner 
P. (Oxford: Elsevier), 191–249. 

Brouder, S. M., A. S. Bongen, K. J. Eck and S. E. 
Hawkins. 2003. Purdue University 
Cooperative Extension Service. Agronomy 
guide, AY-276-W. 

Burnell, J. N. 1988. The biochemistry of manganese in 
plants. Developments in Plant and Soil 
Sciences, 33: 125-137. doi: 10.1007/978-94-
009-2817-6_10 

Chaudari, P. R., D. V. Ahire and D. A.Vidya. 2012. 
Correlation between physicochemical 
properties and available nutrients in sandy 
loams soils of Haridwar. Indian Journal of 
Chemical Biological Physical Sciences, 
2(2):1493-1500. 

Clark, R. B. and V. C. Baligar. 2000. Acidic and 
alkaline soil constraints on plant mineral 
nutrition. In:  Wilkinson RE (Ed.) Plant-
Environment Interactions. Marcel Dekker Inc. 
New York, pp: 133-177. 

Clarkson, D. T. 1988. The uptake and translocation of 
manganese by plant roots. In: R.D. Graham 
RD, Hannam RJ, Uren NJ. (eds). Manganese 
in Soil and Plants. Kluwer Academic 
Publishers, Dordrecht, The Netherlands, pp. 
101-111. 

De Varennes, A., J.  P. Carneiro and M. J. Goss. 2001. 
Characterization of manganese toxicity in two 
species of annual medics. Journal of Plant 
Nutrition, 24(12): 1947-1955. doi: 
10.1081/PLN-100107606 

Dhaliwal, S. S. and J. S. Manchanda. 2008. Effect of 
green manure, submergence and Soil applied 
manganese on Yield and uptake of manganese 
under rice-wheat system. An Asian Journal of 
Soil Science, 3(1): 166-172. 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

236 

 

Diedrick, K. 2010. Manganese fertility in soybean 
production. Pioneer HiBred agronomy 
sciences, 20(14): 1-4. 

Dimkpa, C. O., U. Singh, I. O. Adisa, P. S. Bindraban, 
W. H. Elmer, J. L. Gardea-Torresdey and J. C. 
White. 2018. Effects of manganese 
nanoparticle exposure on nutrient acquisition 
in wheat (Triticum aestivum L.). Agronomy, 8: 
158. doi: 10.3390/agronomy8090158  

Dou, C. M., X. P. Fu, X. C. Chen, J. Y. Shi and Y. X. 
Chen. 2009. Accumulation and detoxification 
of manganese in hyperaccumulator Phytolacca 
americana. Plant Biology, 11(5):664–670. doi: 
10.1111/j.1438-8677.2008.00163.x 

Elgala, A. M., A. S. Ismail and M.A. Ossman. 2008. 
Critical levels of iron, manganese and zinc in 
Egyptian soils. Journal of Plant Nutrition, 9(3-
7): 267-280.  
doi:10.1080/01904168609363443 

El-Jaoual, T. and D. A. Cox. 1998. Manganese toxicity 
in plants. Journal of Plant Nutrition            21(2): 
353-386. doi: 10.1080/01904169809365409 

Emsley, J. 2003. Nature’s Building Blocks: An A-Z 
Guide to the Elements. Oxford: Oxford 
University Press. 

Farooq, M., A. Wahid and K. Siddique. 2012. 
Micronutrient application through seed 
treatments.  Journal of Soil Science and Plant 
Nutrition, 12(1): 125-142. doi:10.4067/S0718-
95162012000100011 

Fageria, N. K. and V. C. Baligar. 1997. Response of 
common bean, upland rice, corn, wheat and 
soybean to soil fertility of an Oxisol. Journal 
of Plant Nutrition, 20:1279-1289. doi: 
10.1080/01904169709365335 

Fageria, N. K., V. C. Baligar and R. B. Clark. 2002. 
Micronutrients in crop production. Advances 
in Agronomy, 77: 89-272 doi: 10.1016/50065-
2113(02)77015-6 

Fageria, N. K., V. C. Baligar and R. J. Wright. 1990. 
Iron Nutrition of Plants: An overview on the 
chemistry and physiology of its deficiency and 
toxicity. Pesquisa Agropecuaria Brasileira, 
25: 553-570. 

Fageria, V. D. 2001. Nutrient interactions in crop plants. 
Journal of plant nutrition, 24(8): 1269-1290. 
doi: 10.1081/PLN-100106981 

Farooq, M., A. Wahid and K. Siddique. 2012. 
Micronutrient application through seed 

treatments.  Journal of Soil Science and Plant 
Nutrition, 12(1): 125-142. doi:10.4067/S0718-
95162012000100011 

Feiziasl, V., J. Jafarzadeh, M. Pala and S. B. Mosavi. 
2009. Determination of critical levels of 
micronutrients by plant response column order 
procedure for dryland wheat (T. aestivum L.) 
in Northwest of Iran. International Journal of 
Soil Science, 4:14-26. doi: 
10.3932/ijss.2009.14.26 

Fernando, D. R., E. J. Bakkaus, N. Perrier, A. J. Baker, 
I. E. Woodrow and R. N. Batianoff Collins. 
2006. Manganese accumulation in the leaf 
mesophyll of four tree species: a PIixe/Edax 
localization study. New Phytology, 171:751–
758. doi: 10.1111/j.1469-8137.2006.01783.x 

Fernando, D. R. and J. P. Lynch. 2015. Manganese 
phytotoxicity: new light on an old problem. 
Annals Botany, 116:313–319. doi: 
10.1093/aob/mcv111 

Fertilizer Recommendation Guide (FRG). 2018. 
Bangladesh Agriculture Research Council 
(BARC), Farmgate, Dhaka, 1215. 

Fuhrs, H. C. Behrens, Gallien S, D. Heintz, A. 
VanDorsselaer, H. P. Braun and W. J. Horst. 
2010. Physiological and proteomic 
characterization of manganese sensitivity and 
tolerance in rice (Oryza sativa) in comparison 
with barley (Hordeum vulgare). Annual 
Botany, 105:1129–1140. doi: 
10.1093/aob/mcq014 

Graham, R. D. and M. J. Webb. 1991. Micronutrients 
and plant disease resistance and tolerance in 
plants. In: Micronutrients in agriculture, 
Mortvedt JJ, Cox FR, Shuman LM, Welch RM 
(Eds). Madison, Wisconsin, USA, pp. 329-
370. 

Graves, C. R., J. Jared, W. A. Warren and G. M. 
Lessrnan. 1981. Soybean varieties respond to 
zinc at soil pH values above 7. Farm and Home 
Science, 118: 22-25.  

Greger, M., T. Landberg and M. Vaculik. 2018. Silicon 
influences soil availability and accumulation 
of mineral nutrients in various plant species. 
Plants (Basel), 7(2):41. 
doi:10.3390/plants7020041 

Gunes, A., M. Alpaslan and A. Inal. 1998. Critical 
nutrient concentrations and antagonistic and 
synergistic relationships among the nutrients 
of NFT-grown young tomato plants. Journal of 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

237 

 

Plant Nutrition, 21:2035–2047. doi: 
10.1080/01904169809365542 

Habimana, F., P. Stalin and D. Muthumanickam. 2016. 
Effect of manganese nutrition on growth, 
yield, manganese uptake and quality of 
Sesame. Advances in Applied Research, 
8(1):14-18. doi : 10.5958/2349-
2104.2016.00003.6 

Hajiboland, R. 2012. Effect of micronutrient 
deficiencies on plants stress responses. In: 
Abiotic stress responses in plants, (Eds) 
Ahmad P and Prasad M (NewYork, NY: 
Springer), pp. 283–329. 

Hebbern, C. A., K. H. Laursen, A. H. Ladegaars, S. B. 
Schmidt, P. Pedas, D. Bruhn, J. K. Schjoerring, 
D. Wulfsohn and S. Husted. 2009. Latent 
manganese deficiency increases transpiration 
in barley (Hordeum vulgare). Physiological 
Plant, 135(3):307-316. doi: 10.1111/j.1399-
3054.2008.01188.x 

Heenan, D. P. and L. C. Campbell. 1981. Influence of 
potassium and manganese on growth and 
uptake of magnesium by soybeans (Glycine 
max L. Merr. cv. Bragg). Plant and Soil, 61: 
447-456. doi: 10.1007/BF02182025 

Heenan, D. P. and L. C. Campbell. 1983. Manganese 
and iron interactions on their uptake and 
distribution in soybean (Glycine max L. Merr.). 
Plant and Soil, 70(3): 317-326. doi: 
10.1007/BF02374888 

Heine, G., J. F. J. Max, H. Fuhrs, D. W.Moran-Puente, 
D. Heintz and W. J. Horst. 2011. Effect of 
manganese on the resistance of tomato to 
Pseudocercospora fuligena. Journal of Plant 
Nutrition and Soil Science, 174(5):827-836. 
doi: 10.1002/jpln.201000440 

Hellal, F. A. and M. T. Abdelhamid. 2013. Nutrient 
management practices for enhancing soybean 
(Glycine max L.) production. Acta Biologica 
Colombiana, 18(2): 239-250. 

Horst, W. J. and H. Marschnar. 1978. Effect of 
excessive manganese supply on uptake and 
translocation of calcium in bean plants 
(Phaseolus vulgaris L.) Elsevier, 87(2):137-
148. doi: 10.1016/S0044-328X(78)80104-4 

Husted, S., M. U. Thomsen, M. Mattsson and J. K. 
Schjoerring. 2005. Influence of nitrogen and 
sulphur form on manganese acquisition by 
barley (Hordeum vulgare). Plant and Soil, 
268: 309-317. doi:10.1007/s11104-004-0317-
1 

Ishizuka, Y. and T. Ando. 1968. Interaction between 
manganese and zinc in growth of rice plants. 
Soil Science and Plant Nutrition, 14(5): 201-
206. doi: 10.1080/00380768.1968.10432766 

Islam, A. K. M. N. 1986. Effects of interaction of 
calcium and manganese on the growth and 
nutrition of Epilobium hirsutum L. Soil Science 
and Plant Nutrition, 32(2): 161-168. doi: 
10.1080/00380768.1986.10557493 

Keisling, T. C. and B. Mullinix. 1979. Statistical 
consideration for evaluating micronutrient test. 
Soil Science Society of America Journal, 
43(6):1181-1184. doi: 
10.2136/sssaj1979.03615995004300060025x 

Kering, M. K., Lukaszewska and D. Blevins. 2009. 
Manganese requirement for optimum 
photosynthesis andgrowth in NAD-malic 
enzyme C-4 species. Plant and Soil, 316:217-
226. doi: 10.1007/s1104-008-9772-4 

Khabaz-Saberi, T. Hossein, Setter and I. Waters. 2006. 
Waterlogging Induces High to Toxic 
Concentrations of Iron, Aluminum, and 
Manganese in Wheat Varieties on Acidic Soil. 
Journal of Plant Nutrition, 29(5):899-911. doi: 
10.1080/01904160600649161 

Khageshwar, S. P. S., S. Chikhiekar, B. L. Ramteke, N. 
S. Sahu, R. Dahariya and Sharma. 2015. 
Micronutrient status in soil of central India. 
American Journal of Plant Sciences, 
6(19):3025-3037. doi: 
10.4236/ajps.2015.619297 

Khan, M. A., M. P. Fuller and F. S. Baloch. 2008. Effect 
of soil applied manganese sulphate on wheat 
(Triticum aestivum L.) grown on a calcareous 
soil in Pakistan. Cereal Research 
Communications, 36 (4):571–582. doi: 
10.1556/CRC.36.2008.4.6 

Kobraee, S. and K.Shamsi. 2015. Investigation on zinc, 
iron and manganese interactions by Zn/Fe, 
Zn/Mn and Fe/Mn ratios in soybean roots and 
shoots. Research Journal of Soil Biology, 
7(1):13-20. doi: 10.3923/rjsb.2015.13.20 

Kovacevic, V., I. Brkic, D. Simic, G. Bukvic and M. 
Rastija. 2004. The role of genotypes on 
phosphorus, zinc, manganese and iron status 
and their relations in leaves of maize on 
hydromorphic soil. Plant Soil Environment, 
50: 535-539. 

Kuwano, B., A. Moreira, M. Cardoso and M. Nogueira. 
2016. Magnesium-Manganese Interaction in 
Soybean Cultivars with Different Nutritional 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

238 

 

Requirements. Journal of Plant Nutrition, 
40(3): 00-00. doi: 
10.1080/01904167.2016.1240198 

Lacerda, J. J. J., L. O. Lopes, T. P. Rambo, G. Marafon, 
A. O. Silva, D. N. S. Lira, C. Hickmann, K. G. 
L. Dias and A. J. Bottan. 2017. Soybean Yield 
Responses to Micronutrient Fertilizers, 
Soybean - The Basis of Yield, Biomass and 
Productivity, Minobu Kasai, Intech Open. 
doi:10.5772/67157 

Land and Soil Resource Utilization Guide (LSRUG). 
1997. Ramgoti upazila, District Laxmipur, 
Ministry of Agriculture, Soil Resource 
Development Institute, Fram gate, Dhaka-
1215. 

Land and Soil Resource Utilization Guide (LSRUG). 
2013. Ramgoti upazila, District Laxmipur, 
Ministry of Agriculture, Soil Resource 
Development Institute, Fram gate, Dhaka-
1215. 

Lee, C. R. 1972. Interrelationships of aluminum and 
manganese on the potato plant. Agronomy          
Journal, 64:546-549. doi: 10.2134/ 
agronj1972.00021962006400040040x 

Leskova, A., R. F. H. Giehl, A. Hartmann, A. Fargasova 
and N. Von Wirén. 2017. Heavy metals induce 
iron deficiency responses at different 
hierarchic and regulatory levels. Plant 
Physiology, 174:1648–1668. doi: 
10.1104/pp.16.01916 

Lewis, D. C.and J. D. Mcflarne. 1986. Effect of foliar 
applied manganese on the growth of safflower 
and diagnosis of manganese deficiency by 
plant tissue and seed analysis. Australian 
Journal of Agriculture Research, 37:562-572. 

Li, C., P. Wang, N. W. Menzies, E. Lombi and P. M. 
Kopittke. 2017. Effects of changes in leaf 
properties mediated by methyl jasmonate on 
foliar absorption of Zn, Mn and Fe. Annual 
Botany, 120:405–415. doi: 
10.1093/aob/mcx063 

Li, L. and X. Yang. 2018. The essential element 
manganese, oxidative stress, and metabolic          
diseases: links and interactions. Oxidative 
Medicine and Cellular Longevity, 2018:11. 
doi: 10.1155/2018/7580707 

Lindsay, W. L. and W. A. Norvell. 1978. Development 
of a DTPA soil test for zinc, iron, manganese 
and copper. Soil Science Society of America 
Journal, 42 (3):421-428. doi: 
10.2136/sssaj1978.03615995004200030009x 

Lombnaes, P. and B. R. Singh. 2003. Effect of free 
manganese activity on yield and uptake of 
micronutrient cations by barley and oat grown 
in chelator-buffered nutrient solution. Soil and 
Plant Science, 53(4):161-167. doi: 
10.1080/09064710310018109  

Longnecker, N. E., R. D. Graham and G. Gard. 1991. 
Effects of manganese deficiency on the Pattern 
of tillering and development of barley 
(Hordeum vulgare cv. Galleon). Field Crops 
Research, 28(1&2): 85-102. doi: 
10.1016/0378-4290(91)90076-8 

Lu, S., X. Liu, L. Li, F. Zhang, X. Zeng and C. Tang. 
2004. Effect of manganese spatial distribution 
in the soil profile on wheat growth in rice–
wheat rotation. Plant and Soil, 261: 39-46. 

Mahashabde, J. P. and S. Patel. 2012.  International 
DTPA- extractable micronutrient and fertility 
status of soil in Shirpur Tahsil region. Journal 
of chemTech research, 4:1681-1685.  

 

 

Mahbobeh, S. N., Y. Mehrdad and R. K. Farrokh. 2011. 
Effect of zinc and manganese and their 
application method on yield and yield 
components of common bean (Phaseolus 
vulgaris L. CV.Khomein). Middle-East 
Journal of Scientific Research, 8(5): 859-865. 

Mahoney, G. P., H. R. Jones and J. M. Hunter. 1981. 
The effect of lime on lucerne in relation to soil 
acidity factors. Proceedings of the 14th 
International Grassland Congress, Kentucky p. 
124.  

Malakouti, M. J. and M. H. Tehrani. 1999. Effect of 
micronutrients on the yield and quality of 
agricultural products (micro nutrients with 
macro effects). Tarbiat Modares University 
Publication, Iran. 

Marschner, H. 1995. Mineral nutrition of higher plants. 
Academic Press, Germany, pp. 330-355. 

Mehra, R. K. and B. L. Baser. 1991. Available copper, 
zinc, manganese and iron status of Rajosthan 
soils.  Annals of Arid Zone, 30(1):17-21.  

Michael, W. S., Becky, S. C. and B. S. Landgraf. 2001. 
Manganese deficincy in pecan. Hort Science, 
36(6): 1075-1076. doi: 
10.21273/HORTSCI.36.6.1075 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

239 

 

Migocka, M. and G.Klobus. 2007. The properties of the 
Mn, Ni and Pb transport oprerating at plasma 
membranes of cucumber roots. Physiologia 
Plantarum, 129:578-587. doi: 10.1111/j.1399-
3054.2006.00842.x 

Millaleo, R., D. M. Reyes, A. G. Ivanov, M. L. Mora 
and M. A. lberdi. 2010. Manganese as essential 
and toxic element for plants transport, 
accumulation and resistance mechanisms. 
Journal of Soil Science and Plant Nutrition, 
10(4): 470-480. doi: 10.4067/S0718-
95162010000200008 

Moosavi, A. A. and A. Ronaghi. 2011. Influence of 
foliar and soil applications of iron and 
manga.nese on soybean dry matter yield and 
iron-manganese relationship in a calcareous 
soil. Australian Journal of Crop Science, 
5(12):1550-1556.  

Moreira, A., E. Malavolta, R. Heinrichs and R. T. 
Tanaka. 2003. Magnesium influence on            
manganese and zinc uptake by excised roots of 
soybean. Pesquisa Agropecuaria             
Brasileira, 38(1):95–101. doi:10.1590/S0100-
204X2003000100013 

Mousavi, S. R., M. Galavi and G. Ahmadvand. 2007. 
Effect of zinc and manganese foliar application 
on yield, quality and enrichment on potato 
(Solanum tuberosum L.). Asian Journal of 
Plant Sciences, 6(8):1256-1260. doi: 
10.3923/ajps.2007.1256.1260 

Mousavi, S. R., M. Shahsavari and M. Rezaei. 2011. A 
general overview on manganese (Mn) 
importance for crops production. Australian 
Journal of Basic and Applied Sciences, 
5(9):1799-1803. 

Mukhopadhyay, M. and A. Sharma. 1991. Manganese 
in cell metabolism of higher plants. Botanical 
Review, 57(2): 117-149.    

Mulder, E. G. and F. C. Gerretsen. 1952. Soil 
manganese in relation to plant growth. 
Advances in Agronomy, 4: 221-277. doi: 
10.1016/S0065-2113(08)60310-7 

Murdock, L., H.  Miller, D. Peaslee and W. Frye. 1977. 
Manganese Fertilization of Soybeans. 
Agronomy Notes. 111. 
https://uknowledge.uky.edu/pss_notes/111 

Narender, R. S. Malik, Y. Krishan and H. K. Yadav. 
2016. Fractionation and distribution of 
manganese in different cropping system and 
their relationship with soil properties in 
Haryana. Environment and Ecology, 34(4): 
2533-40. 

Narender, R. S. Malik and L. Shiva Kumar. 2017. 
Releasing behavior of manganese in Haryana 
soils of different cropping system. Indian 
Journal of Agricultural Sciences, 87(5): 35-8.  

Ndakidemi, P. A., S. J. Bambara and H. J. R. Makoi. 
2011. Micronutrient uptake in common bean 
(Phaseolus vulgaris L.) as affected by 
rhizobium inoculation, and the supply of 
molybdenum and lime. Journal of Plant 
Biology & Omics, 4(1): 40-52. 

Ness, P. J. and H. W. Woolhouse. 1980. RNA synthesis 
in phasseolus chloroplasts: II. Ribonucleic acid 
synthesis and senescing leaves. Journal of 
Experimental Botany, 31(1): 223-233. doi: 
10.1093/jxb/31.1.235 

Nozulaidi, M., M. NurInani, M. Khairi and S. M. D. 
Jahan. 2016. Production of corn; effects of 
manganese application on plant parameters. 
Journal of Agricultural Research, 1(2): 
000109. 

 

Norvell, W. A. 1988. Inorganic reactions of manganese 
in soils. In: Graham RD, Hannam RJ, Uren NC 
(Editors). Manganese in soils and plants. 
Kluwer Academic Publishers, Dordrecht, The 
Netherlands, pp. 37-58. 

Ozbahce, A. and M. Zengin. 2014. Effects of foliar and 
soil applications of different manganese 
fertilizers on yield and net return of bean. 
Journal of Plant Nutrition, 37(2):1. doi: 
10.1080/01904167.2013.859701 

Pahlavan-Rad, R. Mohammad, M. Pessarakli and P. 
Mohammad. 2009. Response of wheat plants 
to zinc, iron and manganese applications and 
uptake and concentration of zinc, iron and 
manganese in wheat grains. Communications 
in Soil Science and Plant Analysis, 40(7-8): 
1322-1332. doi: 10.1080/00103620902761262 

Pan, Y., G. F. Koopmans, L. T. C. Bonten, J. Song, Y. 
Luo, E. J. M. Temminghoff and R. N. J. 
Comans. 2014. Influence of pH on the redox 
chemistry of metal oxides and organic matter 
in paddy soils. Journal of Soils Sediments, 
14:1713-1726. 

Parker, D. R., M. B. K. Ohki, L. M. Shuman and D. O. 
Wilson. 1981. Manganese effect on yield and 
nutrient concentration in leaves and seed of 
soybean cultivars. Agronomy Journal, 13: 643-
646. doi: 
10.2134/agronj1981.00021962007300040018
x 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

240 

 

Patiram, R., C. Upadhyaya, C. S. Singh, R. Munna and 
M. Ram. 2000. Micronutrient cation status of 
mandarin orchard of Sikkim. Journal of the 
Indian Society of Soil Science, 48(2): 246-249.  

Pedas, P., S. Husted, K. Skytte and J. K. Schjoerring. 
2011. Elevated phosphorus impedes 
manganese acquisition by barley plants. 
Frontiers in Plant Science,  2: 37. doi: 
10.3389/fpls.2011.00037  

Polle, A., K. Chakrabarti, F. Seifert, P. Schramel and H. 
Rennenberg. 1992. Antioxidants and           
manganese deficiency in needles of Norway 
spruce (picea abies) tress. Plant Physiology, 
99: 1084-1089. doi: 10.1104/pp.99.3.1084 

Raliya, R., V. Saharan, C. Dimkpa and P. Biswas. 2018. 
Nanofertilizer for precision and sustainable 
agriculture: Current state and future 
perspectives. Journal of Agricultural and Food 
Chemistry, 66(26): 6487–6503. doi: 
10.1021/acs.jafc.7b02178 

Ray, S. K., D. Chatterjee, S. Saha, K. H. Kamble, and 
B. C. Deka. 2015. A guide for soil nutrient 
management with special reference to Wokha. 
ICAR Research Complex for NEH Region, 
Nagaland Centre, Jharnapani, Medziphema, 
Nagaland. 

Rehman, A., M. Farooq, Z. A. Cheema and A. Wahid. 
2014. Foliage applied boron improves the 
panicle fertility, yield and biofortification of 
fine grain aromatic rice. Journal of Soil 
Science and Plant Nutrition, 14(3): 723-733. 
doi: 10.4067/S0718-95162014005000058 

Reichman, S. M. 2002. The responses of plants to metal 
toxicity: A review focusing on copper, 
manganese and zinc. Australian minerals and 
energy environment foundation: Melbourne, 
pp.14-59. 

Renzel, Z., R. D. Graham and J. F. Pedler. 1993. 
Manganese nutrition and accumulation of 
phenolics and lignin as related to differential 
resistance of wheat genotypes to the take-al 
fungus. Plant and Soil, 151: 255-263. 
doi:10.1007/BF00016291 

Rengel, Z. 2015. Availability of Mn, Zn and Fe in the 
rhizosphere. Journal of Soil Science and Plant 
Nutrition, 15(2): 397-409. 

Sadana, U. S., K. Lata and N. Claassen. 2002. 
Manganese efficiency of wheat cultivars as 
related to root growth and internal manganese 
requirement. Journal of plant Nutrition, 

25(12): 2677-2688. doi: 10.1081/PLN-
120015531 

Samal, D., U. S. Sadana and A. S. Gill. 2003. 
Mechanistic approach to study manganese 
influx and its depletion in the rhizosphere of 
wheat and raya. Communications in Soil 
Science and Plant Analysis, 34(19-20):3033-
3044. doi: 10.1081/CSS-120025223 

Santos, E. F., J. M. K. Santini, A. P. Paixao, E. F. Junior, 
J. Lavres, M. Campos and A. R. Reis. 2017. 
Physiological highlights of manganese toxicity 
symptoms in soybean plants: Mn toxicity 
responses. Plant Physiological Biochemistry, 
113:6-19. doi: 10.1016/j.plaphy.2017.01.022 

Sarkar, D., S. K. Pandey, K. C. Sud and A. 
Chanemougasoundharam. 2004. In vitro 
characterization of manganese toxicity in 
relation to phosphorus nutrition in potato 
(Solanum tuberosum L.).Plant Science, 
167(5): 977–986. doi: 
10.1016/j.plantsci.2004.05.022  

Sarker, M. M. H., A. Z. M. Moslehuddin and M. R. 
Islam. 2020. Changing dynamics of 
micronutrients in piedmont soil of Bangladesh. 
Eurasian Journal of Soil Science, 9(1): 43-51. 
doi:10.18393/ejss.642221 

Sarker, M. M. H., A. Z. M. Moslehuddin, M. 
Jahiruddin and M. R. Islam. 2018. Available 
status and changing trend of micronutrients in 
floodplain soils of Bangladesh. SAARC 
Journal of Agriculture, 16(1): 35-48. doi: 16. 
35. 10.3329/sja.v16i1.37421  

Schmidt, S. B., P. E. Jensen and S. Husted. 2016. 
Manganese deficiency in plants: The impact on 
photosystem II. Trends Plant Science, 21(7): 
622–632. doi: 10.1016/j.tplants.2016.03.001  

Schulte, E. E. and K. A. Kelling. 1999. Soil and applied 
manganese.Understanding plant nutrients, 
A2526. 

Shahandeh, H., L .Hossner and F. Turner. 2003. 
Phosphorus relationships to manganese and 
iron in rice soils. Soil Science, 168(7): 489-
500. doi: 10.1097/01.ss0000080334.10341.6a  

Sharma, B. D., O. P. Chodhary, J. K. Chanay and P. K. 
Singh. 2016. Forms and uptake of manganese 
in relation to soil taxonomic orders in alluvial 
soils of Punjab, India. Communications in Soil 
Science and Plant Analysis, 47(3):313-327. 
doi: 10.1080/00103624.2015.1123722 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

241 

 

Sharma, B. D., A. Seth, R. S. Saini and S. S. Dhaliwal. 
2011. Distribution of different forms of Mn 
and their association with soil properties in arid 
zone soils of Punjab, India. Archives of 
Agronomy and Soil Science, 57(1):15-26.  doi: 
10.1080/03650340903222310 

Sharma, B. L. and P. N. Bapat. 2000. Levels of 
micronutrient cations in various plant parts of 
wheat as influenced by zinc and phosphorus 
application. Journal of the Indian Society of 
Soil Science, 48(1): 130-134. 

Shawquat, M. A. K., M. A. Karim, A. A. Mahmud, S. 
Parveen, M. B. Mahfuz and M. H. Altaf. 2015. 
Plant water relations and proline 
accumulations in soybean under salt and water 
stress environment. Journal of Plant Sciences, 
3(5): 272-278. doi: 
10.11648/j.jps.20150305.15 

Shuman, L. M. 1979. Zinc, manganese and copper in 
soil fractions. Soil Science, 27: 10-7. 

Shuman, L. M. and O. E. Anderson. 1976. Interactions 
of Mn with other ions in wheat and soybeans. 
Communications in Soil Science and Plant 
Analysis, 7(6): 547-557. doi: 
10.1080/00103627609366665 

Shuman, L. M., F. C. Boswell, K. Ohki, M. B. Parker 
and D.O. Wilson. 1980. Critical soil 
manganese deficiency levels for four 
extractants for soybeans grown in sandy soil. 
Soil Science Society of America Journal, 
44(5):1021-1025. doi: 
10.2136/sssaj1980.03615995004400050030x 

Singh, M. V. 2009. Effect of trace element deficiencies 
in soil on human and animal health. Bulletin of 
the Indian Society of soil science, 27:75-101. 

Singh, V. K. and H. P. Agarawal. 2007. Development 
of Dris norms for evaluating, nitrogen, 
phosphorus potassium and sulphur 
requirements of rice crop.  Journal of the 
Indian Society of Soil Science, 55(3): 294-303. 

Soltangheisi, A., Z. A. Rahman, C. F. Ishak, H. M. Musa 
and H. Zakikhani. 2014. Interaction effects of 
zinc and manganese on growth, uptake 
response and chlorophyll content of sweet corn 
(Zea mays var. saccharata). Asian Journal of 
Plant Sciences, 13(1): 26-33. doi: 
10.3923/ajps.2014.26.33 

Stumm, W. and J. J. Morgan. 1996. Aquatic Chemistry: 
Chemical Equilibria and Rates in Natural 
Waters. New York, NY: Wiley. 

Sutradhar, A. K., D. E. Kaiser and L. M. Behnken. 2017. 
Soybean response to broadcast application of 
boron, chlorine, manganese, and zinc. 
Agronomy Journal, 109(3): 1048-1059. 

Tanaka, A. and S. A. Navasero. 1966. Interaction 
between iron and manganese in the rice plant. 
Soil Science and Plant Nutrition, 12(5): 29-33. 
doi: 10.1080/00380768.1966.10431958 

Terry, N., P. S. Evans and D. E. Thomas. 1975. 
Manganese toxicity effects on leaf cell 
multiplication and expansion on dry matter 
yield of sugar beets. Crop Science, 15: 205-
208. 

Tessier, A., P. G. C. Campbell and M. Bisson. 1979. 
Sequential extraction procedure for the 
speciation of particulate traces matals. 
Analytical Chemistry, 51(1): 844-51. doi: 
10.1021/ac50043a017 

Ullah, A., M. Farooq, A. Nadeem, A. Rehman, S. Asad 
and A. Nawaz. 2017. Manganese nutrition 
improves the productivity and grain 
biofortification of fine grain aromatic rice in 
conventional and conservation production 
systems. Paddy and Water Environment, 
15(3):563-572. doi: 10.1007/s10333-016-
0573-8 

Vahid Ghasemian, A., A. S. Ghalavand, A. Zadeh and 
Pirzad. 2010. The effect of iron, zinc and 
manganese on quality and quantity of soybean 
seed. Journal of Phytology, 2(11): 73-79. 

White, P. and P. Brown. 2010. Plant nutrition for 
sustainable development and global health. 
Annals of Botany, 105(7): 1073-1080. doi: 
10.1093/aob/mcq085 

Wilkinson, S. R., D. I. Grunes and M. E. Summer. 2000. 
Nutrient interactions in soil and plant nutrition. 
In: Summer ME (Ed.), Handbook of soil 
science, Boca Raton, Crc Press, pp. 89-112. 

Winkler, R. G., J. C. Polacco, D. B. Blevins and D. D. 
Randall. 1985. Enzymatic egradation of 
allantoate indeveloping soybeans. Plant 
Physiology, 79(3):787-793. doi: 
10.1104/pp.79.3.787 

Wissemeier, A. and H. W. J. Horst. 1992. Effect of light 
intensity on manganese toxicity symptoms and 
callous formation in cowpea (Vigna 
unguivalatuc). Plant and soil, 143(4): 299-
309. doi: 10.1104/pp.103.029215 

Yadava, N. and R. Malik. 2018. Soil manganese 
dynamics and its uptake in wheat (Triticum 



J. Environ. Sci. & Natural Resources, 12(1&2):225-242, 2019 ISSN 1999-7361 

 

242 

 

aestivum) influenced by chloride and 
manganese application. Indian Journal of 
Agricultural Sciences, 88(10): 1568-72. 

Yamaji, N., A. Sasaki, J. X. Xia, K. Yokosho and J. F. 
Ma. 2013. A node-based switch for 
preferential distribution of manganese in rice. 
National Communication, 4:2442. 

Yang, T. J. W., P. J. Perry, S. Ciani, S. Pandian and W. 
Schmidt. 2008. Manganese deficiency alters 
the patterning and development of root hairs in 
arabidopsis. Journal of Experimental Botany, 
59:3453–3464. doi: 10.1093/jxb/ern195  

Zakikhani, H., M. K. Yusop, A. R. Anuar, O. Radziah 
and A. Soltangheisi. 2014. Effects of           
different levels of molybdenum on uptake of 
nutrients in rice cultivars. Asian Journal of           
Crop Science, 6(3):236-244. doi: 
10.3923/ajcs.2014.236.244 

 Ziaeian, A. H. and M. J. Malakouti. 2001. Effects of Fe, 
Mn, Zn and Cu fertilization on the yield and 
grain quality of wheat in the calcareous soils of 
Iran. Plant Nutrition, 92: 840-841. doi: 
10.1007/0-306-47624-X_409 


