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Abstract: Soil micronutrients limit crop productivity in many regions worldwide, and micronutri-
ent deficiencies affect over two billion people globally. Microbial biofertilizers could combat these
issues by inoculating arable soils with microorganisms that mobilize micronutrients, increasing their
availability to crop plants in an environmentally sustainable and cost-effective manner. However,
the widespread application of biofertilizers is limited by complex micronutrient-microbe-plant
interactions, which reduce their effectiveness under field conditions. Here, we review the current
state of seven micronutrients in food production. We examine the mechanisms underpinning mi-
crobial micronutrient mobilization in natural ecosystems and synthesize the state-of-knowledge
to improve our overall understanding of biofertilizers in food crop production. We demonstrate
that, although soil micronutrient concentrations are strongly influenced by soil conditions, land
management practices can also substantially affect micronutrient availability and uptake by plants.
The effectiveness of biofertilizers varies, but several lines of evidence indicate substantial benefits in
co-applying biofertilizers with conventional inorganic or organic fertilizers. Studies of micronutrient
cycling in natural ecosystems provide examples of microbial taxa capable of mobilizing multiple
micronutrients whilst withstanding harsh environmental conditions. Research into the mechanisms
of microbial nutrient mobilization in natural ecosystems could, therefore, yield effective biofertilizers
to improve crop nutrition under global changes.

Keywords: soil micronutrient availability; food crop production; microbial biofertilizer; microbial

nutrient mobilization; plant micronutrient uptake; biofortification

1. Introduction

Human population growth and increasing levels of consumption are placing ever
greater demands on farmers to increase crop production [1-3]. However, land availability
for food production is limited, resulting in intensive agricultural practices that affect soil
health and the wider environment [2,4]. It is therefore vital that global food production is
increased sustainably to maintain soil health [4,5]. Nutrient availability in soils is one of
the key factors underpinning food production [3,6]. As well as the more widely researched
macronutrients, nitrogen (IN), potassium (K) and phosphorus (P), six trace elements are
consistently described as important micronutrients for crop growth and yield: iron (Fe),
zinc (Zn), manganese (Mn), molybdenum (Mo), boron (B), and copper (Cu) [7-10]. In
addition, cobalt (Co) is beneficial to plants and plays a crucial role in nitrogen fixation in
leguminous crops [9]. For simplicity, we refer henceforth to these seven trace elements
as ‘micronutrients’. Micronutrients in soils are largely derived from their parent material
and required in minimal quantities by crops (i.e., <1 part per million). However, soil
properties and conventional agricultural management practices, such as the use of higher
yielding crop cultivars and the application of NPK inorganic fertilizers, can result in an
insufficient micronutrient supply to crops [7-9]. A deficiency in even one of these nutrients
can substantially reduce crop growth and yield, although an excessive supply, resulting in
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toxicity, can be equally detrimental [7,8,10]. In general, most plants have a narrow optimum
micronutrient range, making it difficult to maintain the balance between deficiency and
toxicity [7,9,10]. Thus, achieving a balanced supply of micronutrients in soils is essential
for combatting human and animal dietary deficiencies in many parts of the world.

1.1. Micronutrients and Hidden Hunger

It is estimated that over two billion people worldwide suffer from ‘hidden hunger’, a
deficiency in one or more micronutrients [11]. Deficiencies in Fe, Zn and Co (in the form of
Vitamin B12) are amongst the most prevalent, especially in populations where diets mainly
consist of cereals and legumes [12-14]. Similar micronutrient deficiencies were also noted
in livestock and are most often seen in free-ranging herds with reduced supplementary
feeding [15]. Hidden hunger in livestock and human populations that are heavily depen-
dent upon crop-based foodstuffs demonstrates a clear need to address disparities in the
micronutrient uptake and content of crops used in food production. Soil micronutrient
content can be enhanced by fertilizer application, but this requires costly repeated applica-
tions with variable results and questionable environmental implications [16]. The excessive
application of micronutrients would pose an equal, if not greater, environmental threat
than over-fertilization with macronutrients, since toxicity thresholds for micronutrients are
reached at considerably lower doses [7,9,10]. Therefore, to address micronutrient deficiency
in crop production in a safe and sustainable manner, alternatives to inorganic fertilizer
application are needed.

1.2. Microbial Biofortification

Biofortification is a promising avenue to address micronutrient deficiencies in agricul-
tural crops. Crop biofortification encompasses a range of strategies that ultimately aim to
improve the micronutrient content of crop plants, either by increasing micronutrient avail-
ability in arable soils, enhancing plant nutrient uptake, or both [2,16,17]. Plant breeding
and genetic modification can create new cultivars with enhanced nutrient absorption, but
these approaches are often costly, time-consuming and restricted by law [2,3]. By contrast,
microbial biofortification is a recent strategy involving the enhancement of native soil mi-
crobial populations or the inoculation of arable soils with ‘microbial biofertilizers’ (hereafter
biofertilizers) composed of plant growth-promoting microorganisms (PGPMs) [2,6,18,19].
Microbial biofortification focuses on enhancing the natural actions of microbes, which
improve micronutrient availability and uptake, making it considerably more cost-effective,
sustainable, and less environmentally damaging [2,16,20,21]. Microbial methods are also
particularly effective for addressing micronutrient imbalances because they can be used to
tackle both toxicity and deficiency [22-24].

Although microbial biofortification has evident theoretical benefits, its practical ap-
plication proves difficult because the approach is underpinned by interactions among
micronutrients, microbial communities, and crop species, which are still poorly under-
stood [3,19,20]. Finding suitable microbial species for biofertilizers whilst ensuring that
arable soil conditions support and enhance their action is particularly challenging. Thus, to
ensure the widespread application of biofertilizers, we need to address several key knowl-
edge gaps, such as effectiveness of biofertilizers under field conditions, the impacts of
microbial or crop diversity, and the largely unknown effects of introduced microbial species
on the native soil microbiota [6,19,20]. One way forward is to assess how plant-microbe
interactions influence micronutrient availability in semi-natural ecosystems where environ-
mental conditions, microbial communities and plant diversity are highly variable. We can
then use this information to identify suitable combinations of microbiota and soil conditions
for developing biofertilizers. Therefore, the primary aims of this review are to (i) assess
the current state of seven micronutrients in food production, (ii) examine the interactions
underpinning microbial biofortification in non-agroecosystems, and (iii) synthesize the
state-of-knowledge on micronutrients to improve our overall understanding of microbial
biofortification in food crop production. Although it is clear that many of the micronutrients
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reviewed here can also occur at toxic levels in some soils, our review focuses on micronu-
trient deficiency in arable soils, hence the exclusion of micronutrients such as chlorine
and nickel, for which deficiency rarely occurs and is not as widely researched [25-27]. We
focused on synthesizing the past and current literature to provide an integrative review of
micronutrient biofertilizers (following [28]). Our literature search was carried out using
Web of Science and Google Scholar, comprising (1) a general search for papers containing
the terms ‘micronutrient’, ‘agriculture’, ‘arable’, ‘biofertilizer’, ‘inoculant’, ‘soil” AND ‘mi-
crob®” OR ‘microorganism” followed by (2) a more specific search for each micronutrient by
ecosystem (e.g., soil AND microb* AND iron AND grassland).

2. Iron (Fe)

Iron (Fe) is the most abundant micronutrient and the fourth most abundant element
overall in the Earth’s crust [29]. Aside from parent material weathering, atmospheric de-
position and the degradation of organic matter also provide soil Fe inputs to a lesser
degree [25,29,30]. Iron is an essential component of human nutrition because it is involved
in oxygen transport; in plants, Fe is required for enzyme production, photosynthesis, and
N metabolism [9]. The total concentration of Fe in soils is generally sufficient to meet plant
needs, but various soil properties can render the majority of Fe immobile, resulting in low
Fe availability in c. 30% of soils worldwide [9,31]. Ensuring that crops receive sufficient Fe
for optimum growth and yield is achieved by enhancing Fe availability, the efficiency of Fe
absorption by crops, or a combination of both.

The availability of Fe in soils is governed by its chemical form, which in turn is dictated
by numerous abiotic and biotic factors [9,32,33]. Iron primarily exists in ferrous (Fe II) and
ferric (Fe III) forms, which can bind to clay fractions abiotically via cation exchange, or
precipitate to form oxides, hydroxides and oxyhydroxides, which can render Fe unavailable
under neutral or alkaline conditions [25,29]. Iron is widely used in biotic microbial redox
reactions to yield energy for organic carbon degradation [25,34]. The reduction of ferric
Fe(III) to ferrous Fe(Il), which is more soluble and, therefore, readily available, primarily
occurs under anaerobic conditions in water-saturated soils. However, under aerobic con-
ditions, the oxidation of soluble Fe(Il) to the more insoluble Fe(Ill) prevails, reducing Fe
availability [25,30,34]. Consequently, agricultural management practices that influence soil
pH, redox potential, saturation, or aeration can affect the availability of Fe in soils.

2.1. Fe Availability and Acquisition in Arable Soils

The greater availability of Fe in acidic soils is one of the key issues in combatting
Fe deficiencies in crops because low soil pH conditions are often not beneficial for crop
plants and can reduce the availability of other nutrients [9]. The use of liming to counteract
soil acidification is a common agricultural practice, but for every unit of increase in pH
(between pH 4-9) Fe solubility can decrease by up to a thousandfold [8]. Other agricultural
practices such as tillage and irrigation can affect soil pH by altering aeration and water
saturation, which can affect Fe mobilization or immobilization [8,35]. Consequently, in
cultivated soils that are naturally calcareous, or where management practices alter soil
pH, soluble Fe concentrations may be suboptimal for meeting crop requirements [32,33,36].
The interaction between soil pH and soil organic matter (hereafter SOM) has a lesser but
equally significant impact on Fe availability. Generally, soil Fe retention and availability
increases with SOM content, which is problematic in arable soils where SOM is often
heavily depleted [8,35,37]. Soil organic matter is both a source of Fe and of reducing
agents, and hence the microbial mineralisation of SOM increases Fe concentrations and
provides the necessary conditions for maximum Fe solubility [8]. Organic acids derived
from SOM can increase Fe availability by reducing soil pH and by forming soluble Fe
complexes [8,33]. However, other compounds in SOM can bind Fe to form increasingly
insoluble organo-mineral complexes as soil pH increases [8,9,33]. Nonetheless, arable soils
with low SOM content are more likely to be susceptible to Fe loss or fixation to stable
compounds [8,35,37].
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As well as the indirect impacts of alterations to soil conditions, arable management
practices also directly influence Fe availability. In many countries, the application of in-
organic fertilizers to correct Fe deficiency in crops has become increasingly common [9].
However, increasing Fe application may have a limited effect on heavily limed or naturally
calcareous soils because the high soil pH favours Fe oxidation to insoluble forms. The
application of organic fertilizers (e.g., farmyard manure) declined in recent decades with
the widescale movement away from mixed farming [38], but preliminary evidence supports
their use to combat Fe deficiency, which warrants further investigation [39]. Hence, soil
management to increase Fe availability is possible, but when the necessary changes to soil
conditions cannot be accomplished, deficiencies can instead be addressed by altering the
nutrient acquisition strategies of plants and microbes.

2.1.1. Fe Acquisition by Crops: Strategies and Efficiency

Two factors can interfere with acquisition and use of Fe by crops, even when Fe
availability in soils is not limiting. Firstly, plant breeding to increase crop yield and improve
resistance to pathogens or pests can select for traits that increase the plant’s micronutrient
requirements, creating Fe deficiencies, even though soil Fe availability was considered
sufficient for past cultivars [9]. Secondly, the application of herbicides such as glyphosate,
diclofop-methyl and chlorsulfuron can interfere with root growth and Fe translocation from
the roots to shoots and grain, resulting in plant Fe deficiency [33,40,41]. Plants employ two
strategies to improve Fe acquisition under deficient conditions (Figure 1). Strategy I, used
by nongraminaceous monocots and dicots (e.g., legumes), involves the release of protons
into the rhizosphere, which increases soil acidity and mobilizes ferric Fe(Ill). Enzymes
(chelate reductases) at the root—soil interface then reduce Fe(Ill) to ferrous Fe(Il), which
can be absorbed by the plant via ferrous transporters [29,42,43]. Strategy Il plants are
graminaceous monocots (e.g., grasses and cereal crops); the plants exude Fe-chelating
organic substances (phytosiderophores), which form complexes with Fe(III) that plants can
then absorb via plasma membrane transport systems without reduction [29,42,43].

Plant Iron Acquisition

1
Strategy | Strategy Il

O3 O )
’ transporter

Chelate ’
A\ reductase / N

Fe-phytosidero-
phore transporter "

Figure 1. Diagram of the two iron (Fe) acquisition strategies employed by plants: orange ellipses
show the chemical form of Fe, blue circles represent hydrogen (H) ions, white boxes with arrows
indicate molecule transport points into/out of the root, and numbers indicate individual steps of the
process (based on [29,42,43]).

Although strategy I plant species mobilize Fe by adjusting unfavourable soil pH, this
method is less effective in well-aerated calcareous soils and is considered less efficient
overall than the method utilised by strategy II plants [42,44]. Phytosiderophores can be
exuded in large quantities by strategy 1l plants and are capable of chelating Fe regardless
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of pH. However, phytosiderophores are only released diurnally, with production peaking a
few hours after dawn, and can be rapidly decomposed by certain microbial taxa [42,44,45].
Furthermore, when Fe availability is low, plants and soil microbes can compete for available
Fe, which has prompted increased research into microbial strategies for increasing Fe
availability [29,43,45].

2.1.2. Fe Mobilization by Microbes

Iron is widely used in microbial redox reactions to yield energy for organic carbon
degradation [33,45,46]. The dissimilatory reduction of Fe(III) to Fe(II) occurs under anaer-
obic conditions, and microbes can also perform assimilatory Fe reduction under aerobic
conditions both indirectly via acidification of the rhizosphere and directly by produc-
ing siderophores [33,45,46]. Microbial siderophores function in the same way as phy-
tosiderophores but are considerably more efficient, possessing a greater stability and a
higher affinity for forming Fe(Ill) complexes [33,46,47]. To date, over 500 types of microbial
siderophores have been identified, with many microbial taxa capable of producing or util-
ising multiple types [33,43,47]. The strong affinity of microbial siderophores for Fe allows
them to compete with plants by ‘stealing” Fe from low-affinity phytosiderophores [33,45,47].
Despite this capability, numerous studies demonstrated a beneficial relationship between
the presence of PGPMs and Fe accumulation by plants [43,48-50].

Microbial biofortification of Fe in plants can occur via several mechanisms: the pres-
ence of PGPMs can induce increased root hair proliferation and branching, trigger plant
biochemical responses to Fe limitation, and prevent Fe acquisition by phytopathogenic
microbes [43,48-50]. In addition, there is also considerable evidence that plants can utilise
microbial siderophores, which appear to be dictated by the plants’ Fe acquisition strategies.
Chelate reductases in the roots of strategy I plants are capable of accepting Fe(Ill) complexes
from microbial siderophores for reduction, producing freely available Fe(Il), which can
provide a significant fraction of plant Fe requirements [33,42,48]. The utilisation of micro-
bial siderophores by strategy II plants is more variable due to the competition between
microbial siderophores and phytosiderophores. However, some microbial siderophores,
such as rhizoferrin, have an Fe affinity equal to phytosiderophores; therefore, they can
act as an additional source of Fe to strategy Il plants, either by direct uptake of Fe from
microbial siderophores by the plant or (to a greater extent) Fe exchange from microbial
siderophores to phytosiderophores [33,42,50,51]. Therefore, microbial biofortification could
significantly improve crop Fe acquisition if the selected PGPMs induce plant responses to
Fe limitation or produce siderophores that promote plant Fe uptake.

2.2. Fe in Natural Ecosystems

Studies of biotic interactions with Fe in (semi-)natural ecosystems provide valuable
insights into microbial taxa suitable for biofertilizers because the soils, microbial communi-
ties, and vegetation have been much less affected by human activities than in agroecosys-
tems [35,37,52]. Forest soils received considerable attention for bioprospecting, most likely
because they possess high microbial diversity [35,37,52], which increases the likelihood of
finding suitable PGPMs. Numerous dissimilatory Fe-reducing bacterial taxa isolated from
tropical forest soils are already acclimated to periodic waterlogging [53-55], providing an
insight into how microbial Fe reduction may be influenced by soil aeration or water satura-
tion. Fluctuations in Fe redox reactions in tropical forest soils closely follow rainfall patterns,
with long dry periods leading to increased aeration and decreased Fe reduction [56]. Thus,
biofertilizers based on taxa from tropical soils may be best applied immediately after rain-
fall or irrigation to maximise Fe reduction, and thus crop Fe acquisition. However, since
many tropical forest soils are rich in Fe, microbial taxa isolated from tropical soils might
not be suitable for soils with limited Fe availability. Instead, taxa capable of siderophore
production under Fe-limited conditions may prove more effective. Siderophore-producing
microbes isolated from the soils of montane forest ecosystems are not only capable of
increasing Fe availability and acquisition but can do so even when exposed to extreme envi-
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ronmental stress [57,58]. Although research into the utilisation of these microbial species as
biofertilizers only began in the last decade, preliminary results indicate significant potential
for their application in combatting Fe deficiency in arable crops [57,58].

Other ecosystems exposed to extreme or fluctuating temperatures are potential sources
of microbial taxa for novel biofertilizers, especially for use in agroecosystems in colder
climates. Bacterial strains capable of producing siderophores at both low (e.g., 4 °C) and rel-
atively high (e.g., 30 °C) temperatures were isolated from cold deserts and glaciers [59,60].
Surprisingly, grassland ecosystems received less attention as potential sources of biofer-
tilizers, although siderophore-producing fungal species may be sourced from grassland
soils [61]. Many fungal species from Ascomycota and Basidiomycota can produce the
siderophore ferricrocin, which plants can utilise to obtain Fe; however, some of these fungal
species are pathogenic, and so a careful separation from PGPM species is required [61].

Finally, research into the degradation of SOM in natural ecosystems could be infor-
mative because microbial SOM mineralisation under water-saturated conditions releases
Fe from organic complexes and increases the availability of soluble organic carbon [54,56].
As the amount of SOM in agroecosystems is often limited [35,37,42], the effects of organic
matter applications on Fe availability in arable soils are still unclear. Nonetheless, studies
in forest and grassland soils demonstrate that Fe reduction increases with the availability of
labile carbon due to its stimulatory effects on microbial activity [53,54,62]. Even at higher
soil pH, Fe reduction can be further enhanced by regular additions of organic carbon,
especially under anaerobic conditions [53,54]. As SOM can also act as a source of soluble Fe,
the addition of organic fertilizers to arable soils could significantly and sustainably increase
Fe availability to crops, with or without biofertilizers.

3. Zinc (Zn)

Zinc (Zn) deficiency is now considered a global-scale crisis, and correcting its low
availability in arable soils has become a widely researched topic [9,63-65]. In plants, Zn
is essential for growth [9,65], heat stress tolerance [63], pathogen resistance, and reproduc-
tion [64,66]. In humans, Zn is a vital component of DNA, RNA and over 300 bodily enzymes,
with evidence also suggesting a role in gene expression [63,67]. However, many countries
reported extensive Zn deficiency in arable soils [63], which not only leads to yield reductions
of up to 80%, but to widespread Zn deficiency in approximately one third of the global
human population, especially in populations dependent on cereal-based diets [64,68].

Zinc levels in soils are maintained by atmospheric inputs, which generally exceed
outputs or losses via leaching and biological uptake [25,69]. However, although the to-
tal Zn concentrations in most soils appear sufficiently high to meet plant needs, ap-
proximately 90% of Zn in soils worldwide is thought to exist in a form unavailable to
plants [25,64,66], and c. 30-50% of soils possess insufficient available Zn to meet plant
requirements [25,66,70]. Unlike some other micronutrients, Zn can persist in numerous
free ionic forms and complexes with other metals, as well as in crystalline forms bound to
clay fractions and as a component of insoluble or soluble (organic) complexes. As such,
soil type and soil properties also have a strong impact on Zn levels, with lower Zn concen-
trations in sandy soils and higher concentrations in organic and calcareous soils [25,69].
Zinc availability declines with increasing pH due to increased fixation in soil minerals and
the formation of insoluble Zn compounds (e.g., hydroxides, calcium zincate) in soils with
pH > 7.5. Therefore, in highly calcareous or heavily limed soils, Zn availability and uptake
by crops is greatly limited [9,25,71]. Aside from liming, several other arable management
practices can also reduce Zn availability [23,63]: excessive P fertilization can interfere
with plant Zn acquisition and applying organic material with a high ligand content can
reduce Zn availability via the formation of insoluble organo—mineral complexes [9,66,70].
Furthermore, flooding (e.g., in rice paddies) and the selection of crop cultivars with high
Zn-demand can also result in insufficient Zn availability [9,63,66].

Although plants are capable of chelating Zn in the same way as Fe through rhizo-
spheric acidification and the production of phytosiderophores, these plant strategies are
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often insufficient for addressing Zn deficiencies [19,63,64]. Consequently, the application
of inorganic Zn fertilizers is common practice in many countries, with one application
theoretically providing enough Zn to last for up to six crop rotations [63]. However, due
to the rapid fixation and immobilization of Zn in most soils, only 1-20% of the applied
Zn is absorbed by crops, rendering this approach financially costly and environmentally
unsustainable [63,71,72]. Therefore, research efforts turned to developing biofertilizers that
can mobilize insoluble Zn pools already present in soils [3,63,66].

3.1. Zn Mobilization by Microbes

The microbial biofortification of crops with Zn received extensive research and is hailed
as the most promising solution to Zn deficiency in arable agriculture [3]. The crop uptake
of Zn via microbial siderophores is far less difficult to implement than Fe uptake [3,19,66];
numerous bacterial strains, as well as arbuscular mycorrhizal fungi (AMF) and fungal
species from the genus Trichoderma, can acidify the rhizosphere through organic acid or
proton release and produce siderophores that enable them to solubilize Zn [3,19,21,64].
Furthermore, endophytic fungal species such as AMF produce hyphae capable of physically
accessing Zn pools that plant roots would otherwise be unable to reach; the chelated Zn is
absorbed into the hyphal network and transported directly back to the plant’s roots [3,19,64].
Due to the efficiency and effectiveness of microbial Zn solubilization, the application of
biofertilizers successfully alleviated Zn deficiency in many crops [3,64,66].

In soils where Zn deficiency is caused by low concentrations of total Zn rather than low
availability, the application of Zn fertilizers in combination with biofertilizers prevents the
applied Zn from being instantly immobilized [73-75]. Using this dual application, farmers
can biofortify their crops whilst applying less Zn, which is more financially and environ-
mentally sustainable [75,76]. However, the highly variable sensitivity of microbes to Zn
toxicity and variable microbial responses among taxa can limit the co-application of biofer-
tilizers and conventional Zn fertilizers [77,78]. Zinc nano-fertilizers were recently suggested
as a more sustainable alternative, with successful crop Zn deficiency remediation at low
application rates, and either neutral or positive impacts on native soil microbiota [79-82].
In summary, the co-application of Zn nano-fertilizers with biofertilizers could present a
way to alleviate crop Zn deficiencies, while maintaining healthy soil microbial communities.
However, although numerous Zn-solubilizing microbes were identified, some strains may
be more effective than others under given environmental conditions. Therefore, natural
ecosystems remain an important potential source for new and alternative Zn-biofortifying
microbes.

3.2. Lessons for Zn Biofortification

As Zn is one of the most common heavy metals in municipal waste, sewage, and
composted residues [83,84], research investigating soil Zn concentrations in semi-natural
ecosystems mostly focuses on issues of contamination, and studies of Zn-solubilizing
microbes are few and far between. However, two studies offer some valuable insights into
the efficacy of biofertilizers. A study of the effects of historical sewage sludge application
on microbial communities in grassland and arable soils showed that altered microbial
community structure was associated with elevated soil Zn concentrations, even 11 years
after the final sewage application [85]. Hence, substantial past Zn fertilizer additions to
arable soils could affect the effectiveness of biofertilizers, a potential issue that warrants
further investigation. A study in desert soils identified two bacterial strains in the roots of
chickpea (Cicer arietinum L.) plants, which were capable of significantly increasing plant
Zn uptake [86]. Bacteria sourced from such a harsh environment could be used to create
biofertilizers with greater resistance to extreme temperatures and drought. Hence, the bio-
prospecting of semi-natural ecosystems may yield further Zn-solubilizing species to create
biofertilizers for arable food production under challenging environmental conditions [86].
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4. Boron (B) and Molybdenum (Mo)

The co-limitation by boron (B) and molybdenum (Mo) is common in leguminous
crops [87-89]. Food crop deficiencies in B and Mo occur worldwide, but leguminous
(e.g., beans, peas, lentils) and other dicotyledon crops (e.g., sunflower, oilseed rape) are
typically more prone to B and Mo deficiency than cereal crops, whereas fruiting tree and
vine species are susceptible to B deficiency alone [9,89,90]. Boron deficiency can disrupt crop
growth, reduce crop yield, elongate roots, and reduce root nodulation in legumes [9,89,91].
However, the biological function of B in humans is yet to be established, and B deficiency
is rarely (if ever) recorded [92]. Molybdenum deficiency in crops also disrupts growth and
reduces yield, affecting N fixation and the production of multiple enzymes, including those
that facilitate P uptake [9,93,94]. The deficiency of Mo in humans can occur and is linked to
oral, throat and gastric cancers; however, its prevalence is extremely low [95,96]. Therefore,
in the context of food production, B and Mo deficiencies are a more significant issue for
crop growth and yield than for human nutrition.

Soil pH is the primary factor controlling the availability of B and Mo; Mo avail-
ability increases with pH, whereas B availability tends to increase up to pH 7, and then
declines [30,97]. Under acidic conditions, B is highly mobile and prone to leaching, but
under alkaline conditions it forms insoluble complexes with SOM and (oxy-)hydroxides or
becomes fixed onto clay fractions [9,25,30]. Conversely, Mo is readily available in a pH range
of 7.5-9 but becomes fixed to SOM and Fe hydroxides under acidic conditions [9,25,98].
Therefore, B deficiency is typically observed in calcareous or heavily limed soils and sandy
soils prone to leaching, whereas Mo deficiency is common in acidic and heavily leached
soils. These differences in the availability of B and Mo create issues for alleviating the
deficiencies of one nutrient in arable soils, whilst controlling for the toxicity of the other.
However, low B and Mo availability in arable soils is a more common and widespread
issue than toxicity [9,89,98]. Since B and Mo availability is primarily controlled by soil pH
and leaching, arable management practices affecting these two soil conditions, such as
liming, irrigation and tillage, can affect their availability [9,25,98-100]. Low SOM content
in conventional arable systems reduces the availability of both nutrients, and thus the
addition of organic matter can increase both B and Mo availability via the formation of
soluble complexes [25,99,101].

4.1. Microbial B and Mo Requirements

Soil microbes facilitate the release of B and Mo through organic matter degradation
and mobilization from insoluble complexes [102]. Bacteria and fungi require B and Mo to
produce numerous enzymes, and these micronutrients also play very specific roles in the
symbiotic relationship between leguminous plant species and rhizobial bacteria [89,102], in
which the rhizobia fix and convert atmospheric N to ammonia [91,103,104]. Rhizobia infect
the roots of legumes by suppressing the plant’s pathogenic defences using polysaccharides
attached to their cell surface. In B-deficient rhizobia, polysaccharide synthesis is reduced
by approximately 65-80%, which hinders infection and limits the successful establishment
of the symbiotic relationship [91,105]. Furthermore, as Mo is an essential component of
nitrogenase, the N-fixing enzyme produced by rhizobia, Mo-limited bacteria fail to supply
N to the plant [95,98,106]. Hence, microbial deficiency in either of these micronutrients can
substantially reduce leguminous crop growth and yield [89,98].

4.2. Management of B and Mo in Arable Soils

The application of B and Mo as inorganic fertilizers was used to correct deficiencies in
arable soils and food crops worldwide [9]. Inorganic B can be applied by seed priming, or
directly to soils or foliage. Seed priming is cost-effective but less successful for fortification,
whereas foliar application corrects deficiency in crops but not in soil microbes [9,100,107].
Soil B application is very effective for increasing crop yield, fortifying grain, and increasing
microbial activity and abundance under optimal soil conditions, but the quantities and
chemical form of the applied B must be carefully monitored to prevent toxicity [100,102,108].
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Additionally, in calcareous or heavily limed soils, most of the applied inorganic B is likely
to rapidly become unavailable, rendering this method both costly and ineffective [100,101].
Inorganic Mo fertilizer is often applied either in combination with, or as an accidental
contaminant of, other fertilizers, but can also be applied separately as a foliar spray [9,109].
Foliar Mo spray can fortify leguminous crops and enable symbiotic translocation of Mo
to the rhizobia colonizing their roots, increasing root nodulation by more than 50% [98].
However, in acidic soils, foliar application is much less effective and does not provide
Mo for free-living microbes in the soil, which may be important for non-leguminous
crops [98,110].

Low B and Mo availability in soils might be best alleviated by combining inorganic
fertilizers with biofertilizers. For example, the co-application of inorganic B fertilizer and
biofertilizers produced the greatest increase in broccoli growth, yield, and weight [111].
The joint application of inorganic Mo fertilizer and biofertilizers can boost soil microbial
activity, increase yield, and quadruple root nodulation in leguminous crops [88,112,113].
Thus, the co-application of biofertilizers with inorganic fertilizers offers a promising way to
combat B and Mo deficiencies in both food crops and soil microbial communities. However,
few (if any) microbial taxa were found to be capable of increasing B and Mo availability or
uptake in arable soils without the co-addition of inorganic fertilizers.

4.3. B and Mo in Natural Ecosystems

Given the clear requirements of soil microorganisms for both micronutrients, bio-
prospecting in natural ecosystems could yield microbial taxa suitable for application as
biofertilizers [109,114,115]. Studies relating to the microbial usage and mobilization of B in
natural ecosystems are limited and have yet to yield B-mobilizing microbial taxa [57,58].
Research into Mo-mobilizing taxa in natural ecosystems is also limited, but it is possible
that free-living, N-fixing microbes in forest soils are capable of releasing chelating agents
to acquire Mo for nitrogenase production [116], and there is evidence that Azotobacter
vinelandii produces a Mo-chelating siderophore or ‘molybdophore’ [117]. Hence, there is
still much work to be carried out to identify and characterize the microbial acquisition of B
and Mo in natural ecosystems, but such research could yield microbial strains suitable for
use as biofertilizers.

5. Manganese (Mn)

Manganese (Mn) is essential for most living organisms and is required by all plants
for photosynthesis, chloroplast breakdown and synthesis, and enzyme structure and func-
tion [25,118,119]. In humans, Mn is needed for reproduction, carbohydrate and lipid
metabolism, and neurological functioning [120]. Crops grown for food production are the
primary source of Mn for humans, providing over 50% of our dietary intake [118,121].
Although Mn deficiency has not yet been observed in the human population [120], it occurs
in c. 10% of arable soils worldwide; global fruit, cereal, and certain vegetable crops are
all prone to Mn deficiency, which causes interveinal leaf chlorosis and necrotic spotting,
reduced tillering, the inhibition of root growth, stunted plant growth and suboptimal nutri-
ent assimilation [9,25,118,121]. As such, correcting Mn deficiency is vital for maintaining
crop yields, food production and human Mn intake [118,121].

Manganese is the fifth most abundant metal and twelfth most abundant element in
soils, and thus the total concentrations are often sufficient to meet plant requirements [120].
However, Mn availability decreases at soil pH > 7.5 as it adsorbs strongly into various
(hydr-)oxides, clay fractions, organic compounds, and calcium carbonate [25]. Conse-
quently, Mn deficiency typically occurs in arable crops grown in calcareous or heavily
limed soils [9,25,118,121]. However, even under alkaline conditions, Mn-containing organo—
mineral and anionic complexes can remain relatively soluble and contribute to Mn availabil-
ity for plants and microbes [25]. In soils with pH < 5.5, Mn adsorption is greatly reduced
and its availability to plants and microbes increases [25,119]. However, soil aeration also
strongly influences Mn availability by affecting the microbial oxidation or reduction of
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Mn. Under aerobic conditions, the oxidation of Mn(II) to Mn(III), and then to Mn(IV) by
bacteria and fungi, reduces its availability; under anaerobic conditions, Mn is reduced,
which increases its availability [25,122]. Hence, arable management practices that alter soil
pH or aeration (e.g., reduced organic matter application, tillage, and irrigation) can cause
substantial losses of Mn by leaching [25]. Finally, the application of herbicides, such as
glyphosate, can inhibit crop acquisition of Mn [9,25,118,121]. Hence, arable management
can substantially influence Mn availability by altering abiotic and biotic soil factors.

When soil Mn availability becomes limiting, crop plants employ alternative measures
to acquire sufficient Mn for their biological functions [123,124]. Plants can acquire Mn in
much the same way as Fe, either via acidification of the rhizosphere (strategy I) or the
release of phytosiderophores (strategy II) [123,124]. However, Mn mobilization by organic
acids released into the rhizosphere is relatively low [123] and phytosiderophore affinity
for Mn is weak; therefore, other micronutrients are more likely to be chelated in place
of Mn [124]. Consequently, the plant acquisition of Mn is heavily dependent on soil pH,
aeration, and microbial Mn reduction, and agricultural intervention is required to fortify
crops with Mn in arable soils where these factors are unfavourable [25,71,123].

5.1. Management of Mn in Arable Soils

The use of inorganic fertilizers has become common practice for correcting Mn de-
ficiency in arable crops worldwide [9,118,121]. The soil application of inorganic Mn is
perhaps most prevalent due its low cost and ease of implementation, but foliar application
is far more effective for supporting crop growth, increasing yield, and fortifying grains
with Mn, although multiple applications are required [9,121]. Seed coating (with Mn) and
osmopriming (seed soaking in Mn solution) were trialled in rice and wheat crops, with
coating being better for crop growth and osmopriming boosting yields close to or greater
than foliar applications [118,121]. However, the effectiveness of all Mn application methods
varies depending on the target crop [118,121], and not all methods are affordable for farmers
on lower incomes [9]. Furthermore, aside from foliar application, the uptake of inorganic
Mn fertilizers by crops can still be greatly limited when glyphosate is applied [9]. The
inclusion of leguminous crops, legume intercropping, or legumes in herbal ley rotations can
increase Mn availability for subsequent arable crops by reducing soil pH; however, these
practices have fallen out of favour in many countries [1,125,126]. Overall, the widespread
application of inorganic Mn fertilizers is often financially unsustainable and frequently
ineffective. However, inorganic Mn fertilizers may be unnecessary where total soil Mn
concentrations are high but inaccessible to plants, since biofertilizers could substantially
increase plant access to Mn.

Biofertilizers capable of fortifying crops with Mn can be split into two groups: Mn-
mobilizing fungal taxa and Mn-reducing rhizobacteria. Crop inoculation with AMF or
fungal taxa applied as biopesticides is thought to aid Mn availability and acquisition
by acidifying the rhizosphere and promoting numerous plant growth traits [127,128],
although evidence for its effectiveness is mixed. Inoculation with fungal taxa alone does
not significantly increase plant Mn acquisition [127], and the co-inoculation of AMF and
Mn-reducing rhizobacteria can even reduce Mn uptake, possibly because AMF suppress
Mn-reducing rhizobacterial populations [128,129]. However, the inoculation with Mn-
reducing rhizobacteria alone can greatly improve Mn availability and acquisition by crops,
and aid in the control of rhizosphere phytopathogens such as take-all fungal species,
Rhizoctonia fungi and Fusarium wilt fungi [6,71,128-131]. It should be noted, however, that
Mn-reducing rhizobacterial strains were primarily tested at soil pH < 7.5 [6,128,129,131],
and few studies tested their effectiveness under alkaline conditions [132]. Therefore, further
testing should focus on assessing the efficacy of rhizobacteria for improving Mn acquisition
in alkaline soils, as well as the use of Mn-mobilizing AMF. Nonetheless, biofertilizers
comprising Mn-reducing rhizobacteria are highly promising for combatting Mn deficiency
in food crops.
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5.2. Mn in Natural Ecosystems

The utilization of Mn by fungi and bacteria in forest ecosystems provides some useful
insights into the potential issues surrounding the use of microbes for crop biofortifica-
tion [133-136]. Manganese plays a key role in litter decomposition by fungi, which typically
use Mn for two key functions: as a structural component for lignin-degrading enzymes,
such as Mn-peroxidase, and as an electron receiver/donator during the decomposition
process [133,137]. Initially, fungi acquire either free Mn(II) from easily-degradable fractions
of leaf litter or source Mn from the surrounding soil to synthesize enzymes, but if Mn con-
centrations are insufficient, the fungi compete with plants to acquire Mn [133]. Furthermore,
during the later stages of litter degradation, Mn is cycled enzymatically between readily
available Mn(II) and stabilized Mn(IIl) to oxidize, and thus degrade, lignin [134-137]. The
effect that this redox cycling has on the Mn availability for plants is unclear, but since readily
available Mn(II) is thought to be the predominant form of Mn in fresh leaf litter, its (albeit
temporary) conversion to unavailable Mn(Ill) could limit Mn availability to plants [137].
Finally, once leaf litter degradation is complete, Mn accumulates in the form of Mn(IIl),
which, under aerobic conditions, is oxidized to Mn(IV), further limiting its availability to
plants [136,137]. Although research into Mn use by AMF in natural ecosystems is limited,
there are likely to be some similarities with Mn use by fungal decomposers [138]. Overall,
if AMF Mn cycling in agroecosystems is similar to the fungal cycling of Mn during litter
decomposition, it might explain why the application of AMF as biofertilizers can reduce
Mn availability to food crops [129].

It was recently discovered that certain strains of bacteria in soils are also capable
of oxidizing Mn(Il) to yield energy and to protect themselves from harsh environmental
conditions via the formation of Mn(Ill/IV) oxide casings [122,137]. However, most research
into Mn-reducing strains of rhizobacteria was conducted in agroecosystems [128,129,132].
Therefore, bioprospecting in the soils of semi-natural ecosystems could yield more Mn-
reducing rhizobacteria suitable for application as biofertilizers.

6. Cobalt (Co)

Cobalt (Co) is considered essential for livestock and humans [9,25,139], and although
Co is not essential to plants, it is widely regarded as beneficial [140]. In plants, Co is
involved in multiple processes, including stem growth, leaf expansion, and bud devel-
opment [140]. Cobalt is also required for the activation of several enzymes, including
those involved in N-fixation in legumes, and is thus particularly beneficial to leguminous
crops [9,139,141-143]. Importantly, bacteria and archaea are the only organisms capable of
utilizing Co to produce cobalamin, also known as vitamin B12, a vital nutrient for mammals,
which causes pernicious anaemia in humans suffering from its deficiency [9,144,145]. The
primary reason for poor vitamin B12 production in leguminous crops is the deficiency of
Co in the soil [146].

Cobalt availability is not primarily dictated by soil pH [25,139]. Although increasing
soil pH can reduce Co availability, other soil factors, such as Fe or Mn hydrous oxide
abundance, SOM content, soil texture, Mn concentrations, and microbial activity, can
equally affect Co availability [25,139,147,148]. Since Co is not essential for crop growth,
and microbial requirements for this micronutrient are low, Co availability in soils is usually
sufficient, and Co deficiency is rarely recorded outside the livestock sector [25,139,149].
However, it is important to note that soil contamination from roadside emissions, industrial
processes, and sludge application (as an arable management practice) can all result in soil
Co concentrations reaching toxic, and eventually biocidal, levels [25,150]. Therefore, the
careful management of Co in arable soils is required to ensure microbial and crop plant
uptake of these micronutrients is sufficient without becoming excessive, a function that
could be fulfilled by biofertilizers.
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Microbial Management of Co in Arable Soils

To date, there is no research into biofertilizers for managing Co availability in arable
soils, even though there are clear links between Co availability and microbial activity.
Microbes are thought to induce Co mobilization indirectly by altering soil pH and reducing
Fe/Mn hydrous oxides via redox reactions, which inadvertently released precipitated
Co [139,151]. Depending on whether Co availability is limiting or approaching toxic levels,
microbes can directly mobilize or immobilize Co to facilitate or reduce its uptake by
organisms regardless of pH, but the mechanisms that microbes employ to achieve this are
still unclear [147-149,151]. The quality of SOM could also affect the microbial mobilization
of Co because readily available carbon sources can increase microbial activity, and thus Co
mobilization, whereas more complex organic compounds have the opposite effect [148,151].
Consequently, the application of appropriate organic fertilizers could both enhance Co
availability when it becomes limiting and reduce Co mobilization when Co toxicity inhibits
microbial activity or crop growth. Finally, there is also some evidence to suggest that crop
plants can alter the composition of the rhizosphere community to promote taxa that express
genes for Co resistance, which could mitigate Co toxicity [152]. The strong evidence for
the microbial control of Co in soils suggests that novel biofertilizers could prove highly
effective for managing Co availability, especially if interactions between crop type and
biofertilizers are taken into account.

7. Copper (Cu)

Copper holds a unique role in arable agriculture because, unlike other micronutrients,
it is applied both to correct deficiency and as a pesticide [25]. The use of Cu as a pesticide is
one of the causes of widespread soil contamination with Cu [25,153,154], but here we focus
on Cu deficiency and the role of biofertilizers for maintaining favourable soil Cu availability.

Copper is essential for numerous crucial biological processes. Copper deficiency is
the leading nutritional deficiency in agricultural animals globally, and recent research
links Cu deficiency in humans to ischemic heart disease, osteoporosis, and Alzheimer’s
disease [155]. In plants, Cu plays a role in reproduction, photosynthesis, and disease
resistance, and Cu deficiency causes stunted crop growth, yields reductions of up to
20%, and reduces grain or fruit quality [9,25]. Crop deficiency in Cu can occur in soils
with low Cu concentrations or low availability [9,25,156]. The low availability of Cu is
often a result of leaching, but also occurs at neutral or alkaline pH levels and in soils
with a high SOM content [9,25,154,156]. The biotic complexation of Cu with SOM and
the abiotic adsorption of Cu onto SOM, (oxy-)hydroxides, clay fractions, and carbonates
have the greatest impact on Cu availability because complexation and adsorption reduce
the overall Cu solubility [9,25,154]. Approximately 20-40% of arable soils have a low Cu
availability, which can be exacerbated by cultivating crops that are sensitive to Cu deficiency
(e.g., cereals, vegetables, citrus trees), liming, the application of macronutrient fertilizers,
and the increased availability of other micronutrients (e.g., Mn, Zn, Fe) [9,25,156].

Solutions for Cu Deficiency

A prevalent solution to Cu deficiency in arable soils is the application of Cu fertilizers
or pesticides, repeated as and when they are needed [9]. However, since this approach
is partly to blame for widespread Cu accumulation and the subsequent toxicity in arable
soils, agronomists are exploring more sustainable alternatives. For example, nanoparticle
fertilizers and pesticides release Cu into soils at a slow but continuous rate, requiring
fewer applications and potentially reducing environmental impacts [157,158]. However,
environmental conditions and arable management practices can affect the efficacy of
Cu nanoparticles to the point where detrimental impacts on soil microbial communities
are observed [158,159]. By contrast, there is little research into biofertilizers to address
Cu deficiencies in agricultural crops. Studies addressing the microbial biofortification of
multiple micronutrients identified numerous taxa capable of increasing Cu availability and
biofortifying crop plants with Cu [20,127,131,160]. Since many soil microbes require Cu
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as an enzyme cofactor, it is plausible that such species would be efficient Cu mobilizers,
although more research into their underlying mechanisms is required [79,161]. Overall,
biofertilizers could provide a sustainable method for biofortifying arable food crops with
Cu, but their development is currently limited by a paucity of information on microbial
Cu mobilization.

8. Conclusions

Numerous environmental factors and intensive agricultural practices can contribute
to low micronutrient availability in arable soils, but biofertilizers offer an effective and
sustainable way of fortifying crops with micronutrients to improve growth and yield, as
well as alleviating hidden hunger in the global human population (Figure 2). Inorganic
fertilizers can be costly, unsustainable, and often ineffective, but microorganisms capable of
increasing micronutrient acquisition by plants can be used to produce biofertilizers and
fortify food crops. By synthesizing the literature, we drew three key conclusions to guide
future research and the refinement of biofertilizers (Figure 2):

Addressing Micronutrient Deficiency in Food Production

Insufficient Availability

* Unfavourable soil conditions

¢ Excessive N/P/K application

¢ Agricultural management
practices

Common cause of all micro-nutrient

Reduced Acquisition

* Fertilizers & pesticides
interfering with absorption

¢ High nutrient demand or poor
acquisition strategies of crops

Common cause of Fe, Zn, Mn and Cu

Limited Soil Content

¢ Low content in parent materials

¢ Input-output imbalance

¢ Agricultural management
practices

Can contribute to Zn, B, Mo and Mn

deficiencies deficiencies deficiencies
Application of Microbial Biofertilizers
Increasing Availability Increasing Acquisition Co-application with Fertilizers
* Production of siderophores * Production of siderophores * Co-application with conventional
* Rhizosphere acidification ¢ Promoting plant root growth fertilizers improves nutrient uptake &
* Microbial redox cycling ¢ Forming symbiotic relationships soil conditions whilst reducing the
with crop plants amount of fertilizer required

Lessons in Biofertilizers from Natural Ecosystems

1.Efficacy of biofertilizers will differ among microbial functional groups depending on the micronutrient in question

2.Co-application of biofertilizers with organic matter could be effective in treating some micronutrient deficiencies

3.Bioprospecting in natural ecosystems is a potential source of microbial taxa capable of mobilizing micronutrients
and withstanding harsh environmental conditions in the field

Figure 2. Conceptual diagram showing the main causes of micronutrient limitation, strategies for
alleviating micronutrient deficiencies using microbial biofertilizers, and research considerations for
future research into biofertilizers, based on observations from natural ecosystems.

(1) Microbial functional groups suitable for use as biofertilizers will differ depending
on the micronutrient in question, and biotic interactions could undermine their ef-
fectiveness. Research to identify microorganisms for developing new micronutrient
biofertilizers should not only characterize the mechanisms microbes employed to
mobilize and acquire micronutrients, but also assess potential interactions among
different microbial functional groups and ascertain the potential for plant-microbial
nutrient competition.

(2) The co-application of biofertilizers with inorganic fertilizers proves effective for treating
deficiencies of Zn, B, and Mo, and reduces the amount of inorganic fertilizers needed.
Substituting conventional inorganic fertilizers with nano-fertilizers is a growing area
of interest, and research into their co-application with biofertilizers could reduce the
associated risks of toxicity. Although the co-application of biofertilizers with organic
fertilizers is under-researched, work on microbial interactions with easily degradable
SOM in natural ecosystems suggests that the co-application of biofertilizers and organic
fertilizers could boost microbial activity and micronutrient availability.

(3) Finally, bioprospecting in natural ecosystems is a potential source of novel microbial
taxa that are both capable of mobilizing numerous micronutrients and withstanding
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harsh environmental conditions. Biofertilizers, including such organisms, could miti-
gate the impacts of climate changes, as well as the negative impacts of conventional
arable management practices on soil conditions, which can reduce microbial diversity
and abundance. Therefore, the bioprospecting for microbial taxa suitable for repro-
duction and application as biofertilizers should focus on selecting species that are
both highly effective and tolerant of unfavourable environmental conditions.
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