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Abstract: Manganese (Mn) is essential for plant growth, as it serves as a cofactor for enzymes involved
in photosynthesis, antioxidant synthesis, and defense against pathogens. It also plays a role in nutrient
uptake, root growth, and soil microbial communities. However, the availability of Mn in the soil can
be limited due to factors like soil pH, redox potential, organic matter content, and mineralogy. The
excessive use of chemical fertilizers containing Mn can lead to negative consequences for soil and
environmental health, such as soil and water pollution. Recent research highlights the significance of
microbial interactions in enhancing Mn uptake in plants, offering a more environmentally friendly
approach to address Mn deficiencies. Microbes employ various strategies, including pH reduction,
organic acid production, and the promotion of root growth, to increase Mn bioavailability. They
also produce siderophores, anti-pathogenic compounds, and form symbiotic relationships with
plants, thereby facilitating Mn uptake, transport, and stimulating plant growth, while minimizing
negative environmental impacts. This review explores the factors impacting the mobility of Mn in
soil and plants, and highlights the problems caused by the scarcity of Mn in the soil and the use of
chemical fertilizers, including the consequences. Furthermore, it investigates the potential of different
soil microbes in addressing these challenges using environmentally friendly methods. This review
suggests that microbial interactions could be a promising strategy for improving Mn uptake in plants,
resulting in enhanced agricultural productivity and environmental sustainability. However, further
research is needed to fully understand these interactions’ mechanisms and optimize their use in
agricultural practices.

Keywords: manganese (Mn); microbial interactions; soil health; sustainable agriculture; plant
growth promotion
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1. Introduction

Manganese (Mn) is an essential micronutrient for plants, playing a crucial role in
soil–plant–microbial interactions. It is involved in various physiological and biochemical
processes, making it indispensable for plant growth and development [1,2]. It is required
in relatively small amounts compared to macronutrients like nitrogen, phosphorus, and
potassium, but its availability is still vital for optimal plant growth and development. Mn
acts as a cofactor for several enzymes involved in essential plant processes [3]. For example,
it is required for the activation of enzymes involved in photosynthesis, respiration, and
nitrogen metabolism. Mn is a cofactor for the enzyme superoxide dismutase, which protects
plants from oxidative stress caused by reactive oxygen species. Mn plays a critical role
in the water-splitting complex of photosystem II (PSII) in chloroplasts. It participates in
the oxidation of water molecules during the light-dependent reactions in photosynthesis,
contributing to the production of oxygen and energy-rich molecules like ATP [4,5]. Mn
is involved in the synthesis and activation of antioxidants, such as ascorbate peroxidase
and catalase, which help plants combat oxidative stress. These enzymes scavenge harmful
reactive oxygen species generated during various metabolic processes [6,7]. Mn is essential
for the uptake and transport of other nutrients within plants [1]. It is involved in the conver-
sion of nitrate (NO3− ) to ammonia (NH3) during nitrogen assimilation. Mn also influences
the uptake and utilization of iron (Fe), calcium (Ca), and magnesium (Mg) by plants. It
influences cell division and elongation, thereby affecting root architecture and nutrient ac-
quisition efficiency [8]. Mn deficiency can lead to stunted root growth and reduced nutrient
uptake [9]. Mn plays a role in the plant’s defense against pathogens [10,11]. It contributes
to the synthesis of lignin, a structural component of cell walls that acts as a physical barrier
against invading pathogens. Mn also enhances the activity of defense-related enzymes,
such as peroxidases, which participate in the plant’s immune response. Mn availability in
soil affects microbial communities and their activities [12]. Some soil bacteria and fungi
are capable of solubilizing and mobilizing Mn, making it more accessible to plants [13].
Conversely, Mn availability can influence microbial growth and metabolic processes, in-
directly affecting nutrient cycling and soil health. It is worth noting that while Mn is
essential for plant growth, excessive levels can be toxic [14]. High Mn concentrations in soil
can inhibit nutrient uptake and cause physiological disorders in plants [14,15]. Therefore,
maintaining an optimal Mn balance is crucial for achieving healthy soil–plant–microbial
interactions. Mn toxicity can occur in acidic soils or as a result of the over application of Mn-
containing fertilizers [8,16–18]. Soil testing and proper nutrient management practices can
help maintain the right Mn levels for healthy plant growth and sustainable management of
agricultural crop production.

This review highlights the crucial role of Mn as an essential element for plant growth
and development, along with its various oxidation states in soil. This article explores the
factors affecting Mn cycling in soil, such as the climatic conditions, pH, organic matter
content, and the type and quantity of the microorganisms present. It also discusses the dif-
ferent types of microorganisms involved in the Mn cycle, including Mn-oxidizing/reducing
bacteria, fungi, and archaea, and provides a visual representation of their contributions to
the Mn cycle. This article emphasizes the importance of understanding the Mn cycle in soil
and the role of microorganisms in maintaining soil health and nutrient cycling.

2. Manganese
2.1. Chemistry

Manganese is a transition metal, with atomic number 25 and the symbol Mn in the
periodic table. It is a silvery-gray metal found in nature as a free element or in combination
with other elements, such as oxygen, sulfur, and silicon [19,20]. Mn is the twelfth most
abundant element in the Earth’s crust and is widely distributed in rocks, soil, water, and
air [21]. Mn has a wide range of oxidation states from −3 to +7, but the most common
oxidation states are +2, +3, +4, +6, and +7 [19]. Mn is a relatively reactive metal that
readily forms compounds with other elements. It reacts with oxygen in the air to form
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Mn oxide (MnO) or Mn dioxide (MnO2), depending on the oxidation state of the Mn. Mn
also reacts with halogens, sulfur, and nitrogen to form various compounds such as Mn
chloride (MnCl2), Mn sulfide (MnS), and Mn nitride (Mn3N2) [19]. Mn compounds exhibit
a wide range of colors, depending on the oxidation state and coordination geometry of the
Mn [14]. For example, Mn2+ compounds are usually pale pink or lavender, while Mn(III)
compounds are usually brown or black. Mn(IV) compounds are usually dark brown or
black, and Mn(VII) compounds are usually purple or pink [11]. Mn also forms complexes
with various ligands, such as water, ammonia, and organic molecules, which can affect
its chemical and physical properties [19]. In aqueous solutions, Mn can exist in various
forms, such as Mn2+, Mn3+, Mn4+, Mn6+, and Mn7+, depending on the pH and redox
potential of the solution [22]. Mn2+ is the most stable and soluble form of Mn in aqueous
solutions and is the predominant form in most natural waters [21]. Mn3+ and Mn4+ are less
stable and more insoluble than Mn2+ and are usually found in soils and sediments [10].
Mn7+ is a highly reactive and unstable form of Mn that is rarely found in nature [19]. Mn
compounds are used in various industrial applications, including the production of steel,
batteries, ceramics, and fertilizers. Mn is also used as a catalyst in chemical reactions and
as a pigment in paints and dyes. Moreover, Mn has potential applications in medicine, as it
has antioxidant and anti-inflammatory properties [19].

2.2. Mobility in the Soil

Biological activity, including microbial activity and plant root exudates, can play
an important role in the mobility and transformation of Mn in soil [1,12]. As mentioned
earlier, microbes can solubilize insoluble Mn and make it more available for plants through
mechanisms such as the production of organic acids and the release of protons and, ul-
timately, reducing the pH [12,13]. They can also contribute to the solubilization and
mobilization of Mn by reducing Mn to Mn2+ [13]. Some microbes also reduce the mobility
of Mn in the soil by oxidizing it [13]. In similar conditions, some plants can also increase
the solubility of manganese by reducing the pH and can also absorb Mn from the soil and
transfer it to different parts of the plant, which can lead to a change in the distribution of
Mn in the soil and rhizosphere [1].

Environmental factors, such as the weather, precipitation, soil moisture, temperature,
and wind intensity, can also play a role in the mobility and transformation of Mn in soil [21].
Precipitation and soil moisture can affect Mn mobility by increasing the availability of Mn
in soil solutions. During wet periods, Mn can dissolve in soil water and become more
mobile, which can lead to leaching and loss from the soil. Conversely, during dry periods,
Mn can become immobilized in soil minerals, reducing its availability for plant uptake [20].
Temperature can also affect Mn mobility in soil. At higher temperatures, microbial activity
can increase, leading to more Mn reduction and increased solubility. However, high
temperatures can also cause Mn oxide minerals formation, which can immobilize Mn in
soil [19]. Wind intensity can affect Mn mobility by causing erosion and soil movement,
which can lead to the redistribution of Mn in soil. Erosion can also lead to the loss of Mn
from soil and its deposition in other areas [21].

Soil properties, including the soil pH, redox potential, organic matter content, iron and
aluminum content, and soil cation exchange capacity (CEC), can play a role in the mobility
and transformation of Mn in soil [20–22]. Soil pH can affect Mn availability by changing
the speciation of Mn in soil. At low pH, Mn is more soluble and available for plant uptake,
while at high pH, Mn can form insoluble precipitates and become less available [22]. Redox
potential can also affect Mn availability by controlling the oxidation state of Mn in soil.
Under reducing conditions, Mn3+ and Mn4+ can be reduced to Mn2+, which is more soluble
and available for plant uptake. Under oxidizing conditions, Mn2+ can be oxidized to Mn3+

and Mn4+, which are less soluble and less available [21]. The content of organic matter
can affect the availability of Mn by increasing its solubility in the soil. Organic matter can
act as an electron donor and create negative redox potential, and then Mn is converted
into a reduced form and its solubility increases [20]. On the other hand, in the process of
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decomposition of organic matter, some of the complexed Mn could be released [20]. Iron
(Fe), aluminum (Al), Copper (Cu), and Cobalt (Co) content can also affect Mn availability
for plants. Fe and Cu can compete with Mn for adsorption sites on soil particles and
oxidize Mn2+ to Mn3+ and Mn4+, which are less available for plant uptake. Co can affect
Mn behavior in soil by influencing microbial activity [16,19–22]. Soil CEC can affect Mn
availability by controlling the adsorption and desorption of Mn in soil. Soil with high CEC
can absorb more Mn and make it less available for plant uptake [20,22]. Crop type can
affect Mn availability in the soil through differences in root exudates and nutrient uptake
patterns [16]. Soil and water management practices, and the use of fertilizers and chemicals
can also affect Mn mobility in the soil [21,22].

Manganese extraction as a human activity and its side effects, including air and water
pollution and the entry of waste materials into the soil, could have significant effects on the
mobility and state of Mn in the soil. Mn extraction activities can lead to the release of Mn
in the environment and increase its concentration in the soil and the environment [23–29].
Some factors affecting the mobility of Mn in soil are presented in Figure 1.
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2.3. Sources and Environmental Impact

The widespread use of Mn in various industrial applications, such as the production
of steel, batteries, ceramics, and fertilizers, is mainly derived from deep-sea Mn ore clusters,
rock crust, soil, and freshwater, with reserves concentrated in developing countries, such
as Australia, Russia, India, Brazil, and South Africa [12], and it exists in both organic
and inorganic forms in rocks, soil, water, and air, with the concentration varying widely
depending on the geology and hydrology of the region; however, the extraction, processing,
and disposal of Mn ore and products can have negative environmental effects, such as
soil degradation, air and water pollution, including Mn pollution of the ecological system
due to the formation of rock storage yards from the production of waste rocks during
continuous mining in the Mn ore area, with Mn-containing leachate migrating into the
soil, surface, and underground water in the mining area through rainfall leaching and
infiltration [15,21].
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2.4. Fertilizers

Chemical fertilizers containing Mn are commonly used to supplement the soil with
this essential micronutrient. Table 1 shows different sources of Mn (including manganese
sulfate, manganese chloride, manganese carbonate, manganese oxide, manganese oxide,
manganese chelate, and manganese ferrite), their chemical formulas and the percentage of
Mn content. Mn sulfate is the most commonly used form of Mn fertilizer due to its high
solubility and availability to plants [22]. The primary source of Mn for fertilizer production
is oxide manganese (MnO) ores of sedimentary origin, which are categorized into three
types based on their iron and basic substance content. Manganese ores contain 40% Mn and
less than 10% iron, ferromanganese ores contain 5–40% Mn and 10–35% iron, and Mn iron
ores contain less than 5% Mn [19]. In oxide ores, manganese compounds are poorly soluble
in acids, making the use of carbonate manganese ores and industrial waste more effective
for fertilizer production [22]. Industrial waste must undergo a reduction roasting stage
and contain manganese in the form of MnO; typically waste products from manganese ore
enterprises contain 10–18% Mn [22].

Table 1. Different sources of chemical fertilizers and their manganese content.

Formula Source Mn Content (%)

MnSO4 3H2O Manganese Sulfate 26–28

MnCl2 Manganese Chloride 17

MnCO3 Manganese Carbonate 31

MnO2 Manganese Oxide 63

MnO Manganese Oxide 41–68

MnEDTA Manganese Chelate 12

- Manganese Frits 10–25

Fertilization with Mn salts at the soil surface is often not effective because soluble
Mn2+ is rapidly converted to plant-unavailable Mn oxides, especially in sandy alkaline soils.
However, it has been argued that the use of Mn fertilizers in the soil can be an effective way
to reduce Mn deficiency, but only if the soil pH is also corrected [15]. Foliar application
of Mn can provide enough Mn to overcome Mn deficiency, but this strategy is expensive
and often impractical for farmers on marginal lands. In addition, Mn foliar application
is only effective for a limited period of time, because Mn has very little mobility in the
plant and is not transferred from older leaves to Mn-deficient young leaves [19]. On the
other hand, Mn toxicity can occur in poorly drained and highly acidic soils, where it is
usually associated with other acidity-related soil fertility problems, such as aluminum
toxicity and deficiencies of calcium (Ca), magnesium (Mg), and molybdenum (Mo) [21].
While manganese chemical fertilizers can be effective in correcting manganese deficiency in
plants, their excessive use can lead to pollution and environmental hazards. Excessive use
of manganese fertilizers can lead to soil contamination, which can affect soil quality and
reduce plant growth. Manganese can penetrate groundwater and surface water, and lead
to water pollution and impact on aquatic ecosystems [23]. In order to avoid the adverse
effects of manganese chemical fertilizers on the environment, it is necessary to use them
wisely and follow the recommended dosage. In addition, it is recommended that other
environmentally friendly sources are used, such as organic products, including compost,
animal manure, and microbial fertilizers, etc., which can increase soil fertility and improve
plant growth [12,13,20].

2.5. The Biological Role

Manganese as an essential element in almost all living organisms performs two dif-
ferent functions: as an enzyme cofactor or as a metal with catalytic activity in biological
clusters [1,12,25–27]. In humans, Mn acts as a cofactor for a variety of enzymes, including
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arginase, glutamine synthetase, pyruvate carboxylase, and manganese superoxide dismu-
tase (Mn-SOD) [27]. However, Mn deficiency in humans is rare compared to other essential
micronutrients, such as iron (Fe) and zinc (Zn) [27].

Manganese is included in most broad-spectrum plant fertilizers due to its role in
diverse processes in a plant’s life cycle, such as photosynthesis, respiration, scavenging of
ROS, reactive oxygen species, pathogen defense, and hormone signaling, and its importance
in photosynthetic oxygen evolution in chloroplasts, where the oxygen-evolving complex
(OEC) in photosystem II contains four atoms of Mn and is responsible for the terminal
photooxidation of water during the light reactions in photosynthesis [1,2,23]. Although
Mn is an essential element for plant growth, excessive Mn poses a major abiotic stress
in plant agriculture worldwide. It decreases the photosynthetic rate, which regulates
the biosynthesis of photosynthetic pigments and regulates the stomatal conductance and
transpiration rate, leading to a decline in crop production and quality. Moreover, Mn in
excess can poison plants by generating ROS and triggering oxidative stress, which could
cause lipid peroxidation and damage photosynthetic pigments if the ROS are not well
scavenged [8,14,17].

Manganese superoxide dismutase (Mn-SOD) is the type of SOD present in eukaryotic
mitochondria, and is also in most bacteria [6,7]. The Mn-SOD enzyme is probably one of
the most ancient, because nearly all organisms living in the presence of oxygen use it to
deal with the toxic effects of superoxide (O2− ), formed from the 1-electron reduction of
dioxygen [7]. The exceptions include Lactobacillus plantarum and related lactobacilli, which
use a different nonenzymatic mechanism with Mn2+ ions complexed with polyphosphate,
suggesting a path of evolution for this function in aerobic life [7,12]. A high amount of Mn
could affect microorganisms by influencing their function, principal component, variation
in the typical variables, stability, and diversity [12]. Studies show that Mn-contaminated soil
has significantly different microbial communities than normal soil, with increased variation
and decreased stability in the microbial community when the soil Mn2+ concentration
exceeds 300 mg/kg [12]. Many enzymatic systems need Mn to function, but in high levels,
Mn can become toxic. Mn can affect the renewal of immunocytes and their functionality,
such as phagocytosis and the activation of pro-phenoloxidase, suppressing the organisms’
immune systems. This causes the organisms to be more susceptible to infections [18].

2.6. Manganese in Plants

Manganese plays a vital role in various physiological and biochemical processes, such
as chlorophyll synthesis, photosynthesis, cellular respiration, the activation of enzymes
involved in carbohydrate metabolism, nitrogen metabolism, and the detoxification of
superoxide radicals [12]. Mn deficiency in plants can lead to reduced growth, chlorosis,
necrosis of the leaves, and reduced resistance to diseases and pests [29]. Mn-deficient
plants show chlorosis in the interveinal areas of young leaves due to impaired chlorophyll
synthesis and photosynthesis. In addition, Mn deficiency can also lead to weakened stems
and reduced plant stability [23]. On the other hand, excessive amounts of Mn can be toxic
to plants and cause oxidative stress and damage to cell membranes and photosynthetic
pigments [24]. Also, Mn toxicity in plants can lead to reduced growth, chlorosis, and
necrosis of the leaves, as well as reduced root growth and absorption of nutrients. The
symptoms of Mn toxicity vary depending on the plant species and the level of Mn in the
soil. For example, in rice plants, Mn toxicity can cause leaf browning, while in soybean, it
can lead to leaf necrosis and reduced nodulation [30].

3. Impacts of Different Microbes on the Mn Cycle in Soil

Soil is a complex ecosystem that includes various types of living microorganisms,
including bacteria, fungi, and archaea. These organisms play crucial roles in nutrient
cycling and soil health [31–34]. One of the essential elements in the soil is Mn, which is
highly important for plant growth and development. The Mn cycle is a complex process
that involves various chemical and biological reactions [35].
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As mentioned in the previous sections, Mn exists in soil in four oxidation states,
Mn2+, Mn3+, Mn4+, Mn6+, and Mn7+ and microbes are able to convert manganese from one
oxidation state to another through oxidation and reduction reactions [36]. Bacteria that
are involved in Mn oxidation are known as Mn-oxidizing bacteria (MOB). These bacteria
oxidize Mn from the Mn2+ state to Mn3+, Mn4+ or Mn6+, which can lead to the formation
of Mn oxides, such as birnessite and cryptomelane [37]. In addition, there are Mn-reducing
bacteria that convert Mn from the oxidized state to the reduced state, Mn2+ [38]. In addition,
fungi and archaea also play a role in the cycle of Mn in the soil. Some fungi can oxidize
Mn2+ to Mn3+ or Mn4+, and also help in the formation of Mn oxides, such as birnessite and
birovite [39].

Manganese in the oxidation state can be converted to Mn2+ through chemical or
biological processes that involve protons and electron-carrying reducing agents produced
by microorganisms, plant roots, or the decomposition of organic matter [40,41]. Several
microorganisms capable of reducing Mn have been identified, including Arthrobacter,
Acinetobacter, Achromobacter, Aspergillus, Bacillus, Clostridium, Enterobacter, Lysinibacillus,
Micrococcus, Pseudomonas, and Staphylococcus [30,32,40–51]. Inoculation with Mn-reducing
microorganisms, particularly bacteria, has been shown to enhance Mn uptake and plant
growth in Mn-deficient soil [38]. Mn-reducing bacteria are also known as Mn-solubilizing
bacteria (MSB), which promote Mn dissolution by protonating metal anions and producing
organic acids that form a soluble complex of Mn ligands [38]. Recently, it was reported that
inoculation with Mn-resistant Bacillus cereus WSE01 resulted in plant growth promotion
and Mn accumulation in Myriophyllum verticillatum [40].

Various factors can affect the Mn cycle in soil, including the climatic conditions, pH,
organic matter content, and the type and quantity of the bacteria and fungi [51–57]. For
example, the soil temperature and moisture can directly affect the rate of chemical and
biological reactions in the Mn cycle. In hot and dry weather conditions, the rate of Mn
oxidation and reduction reactions decreases, while in moist and cool conditions, the rate
increases [36]. Moreover, the soil pH can also have an impact on the Mn cycle in soil. In
acidic pH, Mn reduces to the Mn2+ state, while in basic pH, it can be oxidized to the Mn4+

state [35]. Additionally, the presence of organic matter in soil can affect the Mn cycle. The
presence of organic matter increases the activity of bacteria and fungi, which can lead to
an increase in the rate of Mn oxidation and reduction reactions [39]. Finally, the type and
quantity of bacteria and fungi can also affect the Mn cycle in soil (Table 2). Some bacteria
and fungi are capable of oxidizing Mn, while others can reduce it (Figure 2).

Table 2. Mechanism of microbes to increase Mn motility.

Microbe Type Microbe Name Mechanism Effect on Mn References

Bacteria Rhizobium sp. Organic acid production [41,45]

Bacteria Azospirillum sp. Production of organic acid [46]

Fungi Aspergillus niger Organic acid production [17,40]

Fungi Penicillium sp. Organic acid production [47]

Fungi Rhizopus sp. Production of organic acid [48]

Bacteria Bacillus sp. Altering soil pH [49]

Fungi Trichoderma sp. Enzymatic breakdown of organic matter [50]

Bacteria Pseudomonas sp. Various [51,52]

Bacteria Streptomyces sp. Root association for increased uptake [53]

Fungi Glomus sp. Root association for increased uptake [54]

Bacteria Bradyrhizobium sp. Symbiotic relationship with leguminous
plants [41,55]

Fungi Laccaria sp. Symbiotic relationship with plants [40,56]
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Mechanism of Microbes to Increase Mn Bioavailability for Plants

Mn is often present in the soil in an insoluble form, which makes it difficult for plants
to absorb. In this regard, microbes play a crucial role in increasing the bioavailability of Mn
for plants (Table 2, Figure 2). Some bacteria and fungi use the secretion of organic acids,
chelating agents, and ligands to solubilize insoluble manganese compounds. These organic
acids and chelating agents form complexes with Mn, which makes it more soluble and
available for plants. For example, some fungi such as Aspergillus niger, Penicillium sp., and
Rhizopus sp., are known to produce organic acids, such as citric, oxalic, formic, pyruvic,
salicylic, and gluconic acid that cause a significant reduction in soil pH, which plays an
important role in the conversion of MnO2 into the plant-available Mn2+ form [40–45,61–67].
Sometimes the solubilization of insoluble sources containing elements such as phosphorus,
potassium, iron, and zinc by MSB strains through the production of organic acids, such as
2-ketogluconic, acetic, citric, and gluconic, etc., is also the reason for the solubilization of
Mn [32,39,41,45]. Such organic acid production by various types of bacteria is autonomous
of their genetic relatedness, and each strain has its specific capability for producing organic
acids during the solubilization of inorganic minerals [43,44,60–62].

Enzymatic reduction of Mn4+ oxidized Mn2+ serves as a terminal electron acceptor
for aerobic and facultative anaerobic bacteria in the form of respiration and reduced Mn2+

concentration to satisfy their nutritional needs [38]. The extracellular heme or flavin
enzyme called cellobiose dehydrogenase plays a role in the redox cycling of Mn in nature
and can reduce insoluble MnO2 into soluble Mn2+ [38,47]. The production of inorganic
compounds, including ferrous iron (Fe2+) and sulfide (S2−), during anaerobic respiration,
or the production of H2O2, during aerobic respiration, also causes a reduction in Mn4+ [38].
Additionally, some microbes can produce enzymes that breakdown complex organic matter
in the soil, releasing Mn that is bound to organic matter [40]. Moreover, some microbes
can also produce siderophores, which are iron-chelating compounds that can also chelate
Mn, making it more available for plants [34,40]. Furthermore, some bacteria and fungi
have been found to form symbiotic relationships with plants, which further enhances the
bioavailability of Mn for plants [33,44]. In addition to increasing the bioavailability of Mn
for plants, microbes also play a role in regulating the uptake and transport of Mn by plants.
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Also, some microbes can produce compounds such as phytohormones that stimulate the
growth of plants, which can enhance the uptake of Mn by the plant roots [40,42].

4. Biofertilizers with Mn

Mn is an essential micronutrient required by plants for numerous physiological pro-
cesses. However, its availability to plants is often limited in soil due to its insolubility
under normal soil pH conditions. This has led to the development of various strategies to
improve Mn availability to plants, one of which is the use of biofertilizers [32,60].

Biofertilizers contain beneficial microorganisms, such as plant growth promoting
rhizobacteria (PGPR), and arbuscular mycorrhizal fungi (AMF), which are added to the
soil to promote plant growth and improve soil fertility [30–41,60–71], Table 3. These
microorganisms can increase the growth and development of plant roots and increase
the solubilization and absorption of insoluble Mn compounds by plants through vari-
ous mechanisms, including by increasing the bioavailability of certain elements (such as
nitrogen fixation, phosphate solubilization, etc.), the production of phytohormones, the
secretion of organic acids, and the production of siderophore, hydrogen cyanide, and
anti-pathogenic compounds [32,60–67]. Several studies have reported the effectiveness
of biofertilizers in improving Mn availability for plants. For instance, Prasad et al. [41]
reported that PGPB can enhance Mn uptake by plants through various mechanisms, in-
cluding organic acid secretion, siderophore production, and root association. Similarly,
Maldonado-Mendoza et al. [53] reported that AMF and associated bacteria can enhance Mn
uptake and translocation in contaminated soil. In addition, Mukherjee et al. [42] reported
that PSMs can solubilize insoluble Mn compounds, thereby enhancing their availability
to plants. Moreover, biofertilizers can also indirectly alter the physicochemical properties
of soil, leading to improved Mn availability [65–71]. For instance, Bacillus sp. has been
reported to alter soil pH, leading to increased Mn availability to plants [40,49,57]. Similarly,
Trichoderma sp. has been reported to enzymatically breakdown organic matter, leading
to improved soil structure and increased Mn availability [50,62,65]. Bradyrhizobium sp.
has been reported to have a symbiotic relationship with leguminous plants, leading to
improved Mn uptake [66].

Table 3. The effect of microbes on increasing plant Mn absorption and their mechanisms.

Microbe Name Effect on Plant Growth Mechanism of Action References

Bacillus subtilis Increased root length and biomass Production of indole acetic acid [40,49]

Pseudomonas fluorescens Increased plant growth and yield Induced systemic resistance [64]

Trichoderma harzianum Increased root length and biomass Production of enzymes and
secondary metabolites [65]

Azospirillum brasilense Increased root length and biomass Production of phytohormones [46,66]

Rhizobium leguminosarum Increased nitrogen fixation and
plant growth Symbiotic relationship with legumes [45,66]

Frankia spp. Increased nitrogen fixation and
plant growth

Symbiotic relationship with
actinorhizal plants [68]

Glomus intraradices Increased nutrient uptake and
plant growth

Mycorrhizal association with
plant roots [54,69]

Streptomyces spp. Increased plant growth and
disease resistance Production of antibiotics and enzymes [52,67]

Cyanobacteria spp. Increased plant growth and
tolerance to abiotic stress

Production of phytohormones
and antioxidants [70]

Bacillus amyloliquefaciens Increased plant growth and
disease resistance Production of antibiotics and enzymes [71]
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5. Conclusions

Mn is an essential micronutrient for plant growth and development, and its availability
in the soil is crucial for maintaining plant health. Mn deficiency can lead to significant
reductions in crop yields and overall plant health. Microbes can play a significant role in
increasing the bioavailability of Mn in the soil by solubilizing it and making it easier for
plants to absorb. The use of microbial-based fertilizers can also help improve Mn uptake
by plants. The potential of microbes to enhance the bioavailability of Mn in soils and
increase plant uptake holds promise for sustainable agriculture and the development of
more effective and eco-friendly fertilizers.

Further research is necessary to explore alternative options for manganese chemical
fertilizers in order to reduce their consumption and mitigate soil and water pollution. By
investigating the effects of biological and microbial fertilizers and evaluating the resulting
agricultural product quality, we can find improved approaches. It is important to note
that the effectiveness of Mn biofertilizers may vary depending on the soil conditions, crop
type, and other factors. Enhancing our understanding of the relationship between plants,
microbes, and the manganese cycle will enable us to develop more effective biofertilizers
that contain manganese-related microbes. Consequently, conducting additional research,
experiments, and tests in this area can facilitate the development of optimal and envi-
ronmentally friendly strategies for enhancing agricultural conditions, food security, and
preserving the environment.
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