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Abstract: Humans are dependent upon soil which supplies food, fuel, chemicals, medicine, sequesters
pollutants, purifies and conveys water, and supports the built environment. In short, we need soil, but
it has little or no need of us. Agriculture, mining, urbanization and other human activities result in
temporary land-use and once complete, used and degraded land should be rehabilitated and restored
to minimize loss of soil carbon. It is generally accepted that the most effective strategy is phyto-
remediation. Typically, phytoremediation involves re-invigoration of soil fertility, physicochemical
properties, and its microbiome to facilitate establishment of appropriate climax cover vegetation.
A myco-phytoremediation technology called Fungcoal was developed in South Africa to achieve
these outcomes for land disturbed by coal mining. Here we outline the contemporary and expanded
rationale that underpins Fungcoal, which relies on in situ bio-conversion of carbonaceous waste coal
or discard, in order to explore the probable origin of humic substances (HS) and soil organic matter
(SOM). To achieve this, microbial processing of low-grade coal and discard, including bio-liquefaction
and bio-conversion, is examined in some detail. The significance, origin, structure, and mode of action
of coal-derived humics are recounted to emphasize the dynamic equilibrium, that is, humification and
the derivation of soil organic matter (SOM). The contribution of plant exudate, extracellular vesicles
(EV), extra polymeric substances (EPS), and other small molecules as components of the dynamic
equilibrium that sustains SOM is highlighted. Arbuscular mycorrhizal fungi (AMF), saprophytic
ectomycorrhizal fungi (EMF), and plant growth promoting rhizobacteria (PGPR) are considered
essential microbial biocatalysts that provide mutualistic support to sustain plant growth following
soil reclamation and restoration. Finally, we posit that de novo synthesis of SOM is by specialized
microbial consortia (or ‘humifiers’) which use molecular components from the root metabolome; and,
that combinations of functional biocatalyst act to re-establish and maintain the soil dynamic. It is
concluded that a bio-scaffold is necessary for functional phytoremediation including maintenance of
the SOM dynamic and overall biogeochemistry of organic carbon in the global ecosystem

Keywords: coal; bioconversion; bioremediation; humic substances; opencast; phytoremediation;
spoil; discard dumps; rehabilitation

1. Introduction

Land-use for primary activities such as human settlement, industry and mining often
times competes with and threatens regional food security and natural water sources as
it consumes arable soil which is far better purposed for agriculture. In South Africa, the
majority of large coalfields that are expected to be mined long into the future are located
in the Mpumalanga Province [1,2]. As in many coal-producing regions of the world, the
Emalahleni coalfields of Mpumalanga Province occur together with almost half of South
Africa’s high potential arable land [3], which is utilized for large-scale row-crop farming
of cereal grains and oilseeds [4,5]. Since most soils in South Africa contain less than 0.5%
organic carbon with only 4% of arable soils, at 2% or more [6,7], any increase in coal mining
emphasizes the threat posed by this activity to crop production and food security. This is
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further emphasized by a recent estimation that global agricultural land-use has created a
soil carbon deficit of 133 Pg C [8]. Moreover, in 2012, it was established that, using current
rates of coal mining in the Mpumalanga Province, if sustained, about 12% of South Africa’s
total high potential arable land would be transformed to mined land, while a further 13.6%
would be subject to prospecting [5], which would likely exacerbate land disturbance and
soil C loss.

The combined impact of mining and prospecting on vegetation, soil structure, and
soil microbial community affects both natural vegetation and future land-use. For example,
high-impact disturbances such as mining tend to increase the rate of introduction of invasive
species and the abundance of some, post-introduction [9]. Furthermore, mining and related
activities necessitate clearance of vegetation, causing loss of soil and soil microflora, as well
as the seed bank, compaction, decreased soil water absorption, and acidification [10]. As a
result, the cost includes regional deterioration of water and soil quality, loss of biodiversity,
and increased risk to human health [11,12]. Indeed, the competition for land-use between
mining and agriculture is likely similar in most if not all coal-producing countries and has
long been recognized as an unending challenge [13,14]. There is a growing recognition that
soil quality is indeed important to human health [15]. Poor air quality with high particulate
matter, a long-accepted consequence of coal mining and utilisation [16], is a major cause of
respiratory diseases and in some areas has been reported to increase mortality of the most
vulnerable [17]. So too, contamination of water resources and arable land directly impacts
the water–energy–food nexus that is considered central to sustainable development [18].
Within the context of mining as a temporary land-use activity, there is a responsibility on
mining companies to rehabilitate and restore used and often degraded land to a form that
can sustain economic productivity, whether similar or different from previous use.

In situ rehabilitation is the preferred option for most mining companies [10,19,20].
While every instance is unique, the conventional method (at least in South Africa) has
been the import and layering of topsoil to both re-create landform and cloak or mask
subsoils and backfill to ameliorate negative impacts of carbonaceous material on the broader
environment, and to support and promote the establishment of cover vegetation. To this
end, disturbed land post-mining is covered in a layer of topsoil (usually 50–100 cm), treated
with lime to mitigate acid-generating potential of the substrate, appropriate fertilizers are
applied, and the area is re-vegetated using selected annual and perennial species [21,22].
This approach is presumably based on common practice of applying a cultivable layer of
soil, sourced from elsewhere, to enhance plant growth [23]. However, deposited layers of
soil cannot effectively sustain plant cover year after year with limited humic matter which
is depleted over time [24]. Not only does this practice limit rehabilitation, it also creates
more environmental disruption. Furthermore, low nutrient content of applied soil coupled
with accelerated mineralization of its organic matter reduces cation exchange capacity,
which in turn reduces efficiency of fertilizers to supplement soil nutrient content [25]. As
a consequence, revegetation is often sporadic, substrate compaction ensues, and cover
vegetation eventually dies. This, coupled with a ‘robbing Peter to pay Paul’ approach in
sourcing, acquisition, transport—sometimes over considerable distances—and eventual
deposition of topsoil, has led to a strategy that is far from sustainable and outcomes that
are mostly less than desirable. In addition, use of incompatible soils, often with poor
organic content and lacking appropriate biotic components required for degradation of
pollutants, and successful establishment of a ‘technosol’ to ensure sustainable revegetation,
is either overlooked and/or omitted [26–28]. Indeed, and as stated by Šourková et al. [29],
possibly the most important requirement for ecosystem rehabilitation in a post-mining
landscape is soil development. For these reasons, detailed studies in our laboratory were
initiated to derive a more holistic passive phytoremediation strategy for in situ restoration
of land disturbed by coal mining [22,30–34]. The outcome: a phytoremediation technology
developed for rehabilitation of South African coal discard dumps and mining-disturbed
landscapes termed Fungcoal [35]. Fundamental to the Fungcoal rehabilitation process are:
(1) microbial degradation of the carbonaceous pollutant, (2) bio-generation of a humic
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substance (HS)-rich technosol with increased organic matter content; and (3) promotion of
plant–microbe mutualism, recruitment of beneficial rhizosphere microbes, and enhanced
microbial activity.

In this manuscript and by way of example, we elaborate on the Fungcoal rehabilitation
strategy developed in South Africa in an effort to elucidate a possible biological origin
of humic substances (HS) and soil organic matter (SOM). Better known as bioremedia-
tion, biological processing is a branch of environmental biotechnology that employs living
organisms such as plants and microorganisms to remove contaminants, pollutants, and
toxins from terrestrial, aquatic, and other environs to stabilize, reinvigorate and restore
affected systems. In deriving an appropriate bioremediation strategy for land disturbed by
coal mining, we discuss briefly the environmental impact of coal mining and current land
stewardship, the microbial bioconversion of coal and waste coal materials, and the role
of arbuscular mycorrhizal fungi (AMF), saprophytic ectomycorrhizal fungi (EMF), plant
growth-promoting rhizobacteria (PGPR), and plant-microbe mutualism in supporting suc-
cessful and sustainable reclamation. We discuss in some detail the Fungcoal bioremediation
protocol for successful long-term rehabilitation of coal-mining affected land and its return
to a stable condition, capable of supporting permanent and productive use. Based on in
situ transformation of coal discard to a HS-enriched soil-like substrate that supports plant
growth and (re)vegetation, we postulate that SOM, and hence fertility, is formed de novo
by a specialized microbial consortium comprising ‘humifiers’, and that combinations of
functional biocatalysts act to re-establish and maintain the soil dynamic. These ‘humifiers’
use molecular components from the root metabolome and, together with combinations of
functional biocatalyst, act to re-establish and maintain the soil dynamic. It is concluded
that holistic phytoremediation is therefore potentially more favourable, both financially
and environmentally, for the sustained stabilization and restoration of disturbed land.

2. Impact of Mining-Induced Land Disturbance and Appropriate Stewardship

Coal mining has inevitable negative impacts on the environment, and once mineral
extraction is complete, overlying spoil is typically returned to the void through a process
known as backfilling [36]. Where backfilling is not possible, overburden together with
residue from coal processing are stock-piled in huge undulating heaps called discard
dumps [17,37]. Such handling and management of coal waste have both short- and long-
term environmental impact (Figure 1). Particulate matter from these non-aesthetic, highly
engineered structures contributes directly to deterioration of air quality, while stockpiled
material is a potential source of pollutants that contaminate adjacent terrestrial and aquatic
ecosystems. Run-off of water from discard dumps dissolves loosely bound toxic metals
from waste coal that pollute nearby water bodies. Where a dump comprises high pyrite-
containing waste, surface water reacts with iron sulphide to become acidic [38,39]. The
reaction generates acid mine drainage that infiltrates surrounding soil and water bodies
and can eventually reach the water table and contaminate underground water sources [39].
Many dams and major river systems occur in the coal-mining regions of South Africa and
mining activities pose a serious pollution threat to these national watercourses and thus
provision of potable water [40].
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Figure 1. Diagrammatic representation of the immediate, direct (solid arrows) and long-term, indirect
impacts of mining and stockpiling of waste coal and coal discard on the environment; adapted from
Li et al. [41] and Agboola et al. [42].

Although coal dumps and overburden (also called spoil) are known to self-rehabilitate
without human intervention, this depends on a number of factors and can take decades to
effectively minimize or negate any deleterious environmental impact [43]. Often, because of
high temperatures, spontaneous combustion occurs, and a high clay content, poor substrate
porosity and aeration, waterlogging, and a heteromorphous structure can combine to
make it difficult for cover vegetation to succeed [38,44–46]. Post-mining rehabilitation
processes therefore involve covering disturbed land and discard dumps with layered
topsoil for cultivation of perennial vegetation to bind and stabilize the waste material,
reduce dust-generating potential, and restrict ingress of oxygen and water to minimize
erosion, acidic decant, and loss of sediment [21]. However, more often than not, this
approach is constrained by specific challenges including acidification of the layered soil
due to up-flow of acidic decant formed gradually from underlying discard. Nevertheless,
a new anthropic soil or ‘technosol’ can be generated either after backfilling mined land
through a superficial application or by the layering of an oftentimes highly weathered
(oxidized) and leached overburden that was stored for periods up to several decades. To
this material, a series of management guidelines is applied to give structure and stability to
the new substrate and to ensure plant growth and establishment of cover vegetation. In
many cases, this is easily achieved using available or imported topsoil which is layered,
in some examples, up to a depth of 0.5 m [22]. Even so, agents that help to structure and
generate soil-like aggregates within these technosols are required and include those that
introduce organic matter [34,47]. Thus, it is imperative that mining companies incorporate
sound rehabilitation strategies into the day-to-day operations rather than leave disturbed
land and discard dumps to natural intervention. However, a major omission in developing
rehabilitation strategies in the past has been the absence of biotic factors required for
sustained and successful re-vegetation of mining-disturbed land.

Most human activities including coal mining alter and, in some cases, destroy regional
topography and disrupt all of the components of soils including the horizons and structure,
microbial populations, and nutrient cycles that are central to sustaining ecosystem health.
All ecosystems function optimally as a set of processes that depend on nutrient recycling,
which is the balance between the growth and decomposition of organic matter. Soil pro-
vides the scaffold to sustain this process, so its structure, composition and density directly
affect the establishment, composition, and stability of the dominant plant community
post-rehabilitation. Reshaping surface land after mining ends may render a natural-looking
landscape, but the replaced soils will not be the outcome of typical evolutionary develop-
ment. Soil components will have been negatively impacted by practices associated with
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coal mining such as topsoil removal followed by either long-term storage or stockpiling
during the mining process, subsequent spreading of an aged, stored soil once mining
activities have ceased, and the status post-spreading including usage of remotely sourced
topsoil. Thus, reclamation must utilize strategies that improve soil structure, microbe
population, and nutrient availability to revitalize the mined land from a situation of highly
disturbed to a repaired condition capable of self-sustaining function.

Indeed, convincing reasons to share the definition of rehabilitation proposed by Cop-
pin [48], as the conversion of land from some original status, through mining, to a new
and beneficial condition, have recently been reiterated [49]. The process, it is suggested,
must return land to a stable condition, capable of supporting permanent and productive
use. At the same time, newly restored land must allow for different land-use opportunities,
mitigate against environmental deterioration, and resemble the surrounding landscape
which may be very different from its historical state. While land disturbed by mining can
apparently “quickly restore itself” naturally [43], whether such natural rehabilitation pro-
cesses repair and re-invigorate land for viable post-mining agriculture or forestry is largely
unknown or at best, poorly documented. A retrospective account of the key priorities in the
rehabilitation of mined land in Australia recognized that emergence of open cast mining
had increased the footprint of the environmental disturbance, which in turn accelerated the
evolution in rehabilitation priorities of that country [50].

3. Biological Processing of Coal and Coal By-Product

Many countries will, in the absence of alternative energy solutions, continue to rely
primarily on coal due to the financial cost of purchasing crude oil and petroleum imports.
Conventional combustion of coal is, however, detrimental and contributes to greenhouse
gases (GHG) which exacerbate climate change. The development of ‘cleaner’ coal tech-
nology has therefore become imperative for the continued use of this vast resource. The
term clean coal technology, first used in 1987 (U.S. Senate Bill 911, April 1987), refers to
any technology deployed at either a new or existing facility that will substantially limit
emissions of sulphur dioxide and/or oxides of nitrogen from the combustion of coal in
the generation of electricity. For example, using additives to minimize the production of
sulphur dioxide, conversion of coal to methane for use as a fuel, along with beneficiation of
coal discard to value-added products, offer much cleaner alternatives.

Coal mining generates megatons of low calorific residue and by-product, sometimes
referred to as discard, that is not considered marketable. Several possibilities exist for the
implementation of cleaner coal technologies in which low calorific brown coals and coal
discard might be either upgraded in energy value or serve as substrates for the generation
of methane, geopolymers and other value-added products. Discussed in subsequent para-
graphs are some of the principles and practices that underpin various biotechnologies that
have been developed for purposes of managing waste coal and discard and to beneficiate
or valorise this by-product in order to mitigate pollution and land deterioration.

3.1. Coal Bio-Liquefaction

Bio-liquefaction or biosolubilization affords potential to convert all ranks of coal, coal
discard, coal fines, and waste coal into products potentially useful for cleaner energy and/or
for creating a platform for novel bioprocess development and production/refining of com-
plex aromatic compounds [30,51,52]. More than 20 years ago, the outcome of an initiative
to address cost advantages of using solubilized lignite as a liquid power-generation fuel,
due to emergent use of smaller boilers, simplified fuel handling, and a nearly ash-free fuel
that produces almost no sulphur emissions, was published as part of a study undertaken by
the German coal company, Rheinbraun [53]. In 1997, very little was known about the mech-
anism of coal bio-solubilization by microorganisms. Nevertheless, one study showed that
the ability of the fungus Fusarium oxysporum to solubilize coal was constitutive, whereas
for Trichoderma atroviride, the process was inducible [54]. Another study revealed the likely
presence of a ligninolytic enzyme system in Fusarium oxysporum and Trichoderma atroviride
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comparable to that of the wood-rot fungus Phanerochaete chrysosporium [55], which was
believed to involve, at least in part, both manganese peroxidase and lignin peroxidase [56].
In 1999, the fungus Trametes versicolor was shown to decolourize coal-derived humic acids
(HA) and in the process, produce a large amount of laccase [57]. Later, in 2008, the fungal
liquefaction of hard coal by Neosartorya fischeri was demonstrated [30]. The first confirma-
tion that a laccase (LAC, E.C. 1.10.3.2) was directly involved in fungal biosolubilization
of coal was subsequently reported for this isolate [33]. To date, LAC remains the only
candidate enzyme identified and functionally characterized from a coal-degrading fungus.
Thus, heterologous expression of a Fusarium oxysporum LAC in the yeast Pichia pastoris was
shown to depolymerize and liquefy solubilized brown coal with the release of humic and
fulvic acids [58,59].

Another coal-solubilizing enzyme thought to be involved in coal liquefaction or biosol-
ubilization appears to be esterase. Typically, esterases are hydrolase enzymes that split
esters into an acid and an alcohol residue in a chemical reaction with water, i.e., hydrolysis.
The first indication that an esterase activity might be involved in coal biosolubilization
was from studies on bacterial depolymerization of HA-derived from lignite [60]. Although
a lignin peroxidase from Penicillium chrysosporium was considered to possess esterase
activity [61], and addition of lignite to medium containing a coal-degrading isolate of
Trichoderma atroviride enhanced extracellular esterase activity, it did so without any real
evidence for its involvement in coal solubilization [62]. Cultures of Penicillium decumbens
P6 were also shown to depolymerize lignite and early work suggested that both peroxi-
dases and esterases were involved [63]. Later studies confirmed, albeit tentatively, that
an esterase activity that had been partially purified using ammonium sulfate precipita-
tion, anion exchange and gel filtration chromatography was able to convert lignite to
low-molecular-mass HA with lower-percentage aromatic carbon but higher-percentage
aliphatic carbon [64]. As pointed out by Sudheer et al. [65], in their detailed assessment of
biological mechanisms for green coal utilization, esterases are not typically activated by
mediators and steric hindrance will likely prevent the enzyme from accessing the depths of
the coal macromolecule limiting its hydrolytic action. Further research encompassing the
role of esterases, as well as recombinant gene technology, is needed to determine precisely
the role by which esterases solubilize and liquefy brown coals and coal discard.

Other microbial enzymes implicated in biosolubilization and/or bioconversion of coal
that deserve further study include cytochrome P450 mixed-function oxygenases [66] and
cellulase and xylanase [67].

3.2. Bio-Conversion of Coal to Methane

Another approach that has demonstrated the microbial conversion of coal, and with
the potential to mitigate environmental degradation due to stockpiling of discard and coal
tailings, is bio-gasification of these by-products. Coal bio-gasification is a complicated
biological process that utilizes the bioconversion potential of bespoke consortia of anaerobic
microorganisms that have been enriched and are capable of degrading a mix of complex
hydrocarbons [68–72]. Many laboratory studies have tended to focus on the bio-gasification
of low-rank coal [73]. These coals contain readily leachable low molecular weight organics
that may be susceptible to microbial degradation [73,74]. High-rank coals such as bitu-
minous coal and anthracite, by comparison, comprise condensed polymeric aromatics
that are not readily amenable to bio-gasification. However, a number of studies show
that these higher rank coals may indeed support the growth of methanogens, albeit with
relatively low yield [75–77]. Jones et al. [78] identified process factors that may enhance
coal bio-gasification including increased bioavailability of carbon in coal, and development
and inclusion of highly enriched bacterial consortia capable of degrading coal, establishing
reaction conditions that promote microbial growth and function through increased nutrient
supply and by the necessary cofactors and precursors, and by removing or neutralizing
inhibitory factors. Microbial consortia able to degrade low-rank coals have been sourced
from a range of environments including used and abandoned coal pits, underground coal
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seams and surrounds, aquatic sediments, petrochemical processing plant effluent, insects,
cow dung, and domestic and industrial wastewaters have also been isolated [73,78–88].
So too, consortia of methanogens, and these have been shown to convert coal and coal
waste products to methane and CO2 [84,87–90]. Indeed, it was recently demonstrated that a
thermophilic archaeon isolated from oil-production water and identified as Methermicoccus
shengliensis was able to bio-convert many types of methoxylated aromatic compounds
(MACs) to methane, including MAC-containing coals [91]. Additionally, organic matter in
various coal slimes can be reduced preferentially via CO2 to methane [92]. Together, these
studies emphasize the potential of using anaerobic fermentation to further explore cleaner
coal technologies.

3.3. Humic Substance Production

An additional processing technology is production of HAs or humic substances (HS)
from low-grade coal. From a geological perspective, coal types fall into two categories and
are either humic coals, developed from peat, or sapropelic coals, developed from organic
mud [93]. Even so, in the early 1960s, low-rank coal was recognized as potentially a good
feedstock from which soil amendments and organic fertilizers can be produced ([94] and
references therein). Thus, lignites and other brown coals are more often used than high-rank
coals as substrates to ‘chemically’ prepare HA-rich substances for use as soil amendments.
Surprisingly, the type of parent coal is seldom considered, which must impact suitability
of the purposed substrate. Nevertheless, HA-rich amendments are typically produced
from low-rank coal as alkali-soluble humate salts [95–98]. Other methods for producing
humics include solvent extraction and yield N-rich ammonium nitro-humates [99] and
ion-free acid-precipitated humates [100]. Interestingly, lignite extraction with hydrogen
peroxide appears rather selective and produces a material rich in malonic and succinic
acids [101]. In contrast to the purported beneficial effect of humics on plants, malonic acid
seems toxic and appears to negatively impact the growth and metabolism of Arabidopsis
thaliana seedlings [102].

During the past decade, there has been increasing use of various biological catalysts,
mainly fungi and bacteria, to convert low-rank coal into humic substances. Whereas
fungi appear to utilize a suite of ligninolytic enzymes to degrade coal, and in particular
LAC (see above), an early study showed that bacteria relied upon the production of
surfactants, chelators, and/or alkaline substances [103]. More recent studies have reported
the oxidation and degradation of low-rank coals by bacteria [66,83,85,86,104–106] and
fungi [51,52] demonstrated improvement of edaphic materials by in situ formation of
HS [47], and showed that some coal-degrading bacteria display traits typical of plant
growth-promoting rhizobacteria [107].

Coal that has high ash content and other impurities has restricted use in energy
generation. However, high availability and low price per ton are indeed motivators for
beneficiation of low-rank coal to HS and for these to be used in chemistry and agricul-
ture [108–113]. For example, lignite, often referred to as brown coal, is a soft, brown,
combustible, sedimentary rock formed from naturally compressed peat that accounts for
around 40% of the global coal reserve. It is known to be an inferior fuel due to its low
calorific value, high ash yield, and high content of both bound oxygen and moisture, and
thus is unsuitable for direct combustion (Figure 2). However, due to its high organic and
oxygen content, lignite is desired for development as a feedstock for value-added chemicals
and products [114,115]. Such value-added products may include geopolymers from coal
‘gangue’ (defined as the solid waste discharged during coal mining and coal washing)
and/or activated lignite [116–118], iron-containing humics-stabilized nanoparticles [114],
and carbonic nanostructures [119,120].
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Figure 2. Illustration of the classification of coal types adapted from Sondreal and Wiltsee [121],
American Society for Testing and Materials [122], and Mochida et al. [123].

Early work by Haider and Martin [124] showed that cultures of the ascomycete
Epicocium nigrum produced HA in vitro, which was evidenced by the formation of poly-
mers and disappearance of substrate phenols. A more recent study, using the lignite
coal-depolymerizing bacterium Pseudomonas cepacia DLC-07, revealed that it first depoly-
merized and later polymerized a model lignin compound, and to a product of much
greater molecular mass than the starting substrate [125]. Thus, and in contrast to lig-
nite coal, which was significantly depolymerized, polymerization reactions dominated
when a lignin-type molecule was used as substrate. Since microorganisms, like plants,
actively produce aromatic compounds and exude these into the soil environment, soil
microorganism-polymerized aromatics may indeed play a role in contributing to the forma-
tion and structure of HS-like aggregates.

The shikimate pathway is used by bacteria, archaea, fungi, algae, some protozoans,
and plants to produce phenols, folates, and aromatic amino acids. This seven-step metabolic
pathway commences with an aldol-type condensation of phosphoenolpyruvate (PEP) with
D-erythrose-4-phosphate to give 3-deoxy-D-arabino-heptulosonic acid 7-phosphate, then
quinic acid, and the key intermediate, shikimic acid. The latter condenses with PEP to ulti-
mately give chorismic acid which arises by glyphosate-sensitive 5-enolpyruvyl-shikimate
3-phosphate synthase (EPSP-synthase)-catalyzed transfer of the enolpyruvyl moiety from
PEP to shikimic acid 3-phosphate [126]. Thus, aromatics within SOM may originate ei-
ther from black carbon (BC), which has its origin in a fire-affected organic matter [127],
by decomposition of plant and algal material [128], directly from living plants via at-
mospheric emissions [129], and/or as components of root exudate [130–133]. Recently,
‘functional bacteria’ isolated from rice straw and provided appropriate oxidizing agents
were shown to increase HS (measured as HA) concentration of compost, while the mi-
crobes showed elevated endogenous shikimic acid content and increased expression of
3-deoxy-7-phosphoheptulonate synthase, 3-dehydroquinate synthase and shikimate ki-
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nase [134,135]. Studies using the β-lactam amoxicillin, an inhibitor of transpeptidation in
cell wall synthesis, support a role for bacterial community structure in HA formation [136].
Additionally, Actinobacteria are considered among the main drivers of lignin breakdown
and humification during compost production, a process seemingly dependent upon en-
hanced LAC expression and activity and formation of quinone-like substances [137,138]. In
addition, a lytic polysaccharide monooxygenase-glucose dehydrogenase (LPMO/GDH)
system has recently been implicated in lignin degradation and quinone redox cycling and
appears to do so by increasing Fe3

+-reducing activity, H2O2 production, and hydroxyl
radical generation by an enhanced Fenton process [139]. These observations indicate a
role for both LPMO and LAC in lignin breakdown and turnover which, together with HS
processing by saprophytic fungi and some members of the Ascomycota [140], suggests that
specific microbial consortia may indeed drive humification. Interestingly, both “transform-
ing bacteria” and “processing bacteria” were recently recognized as core microorganisms
in fulvic acid (FA) formation during compost humification [141].

Although tentative, the proposal by Kallenbach et al. [142] that accumulation of
humics/fulvics and thus SOM occurs as an outcome of distinct microbial community
activity, and that accumulation of microbial-derived SOM is greatest in soils with greater
microbial abundances and more efficient biomass production, seems therefore to hold.
Thus, and as so eloquently elaborated by Baveye and Wander [143] in their perspective
on why the “new” view of HS is still considered novel after more than 80 years, ideas
surrounding the structure and formation of HS as elaborated above appear to correspond
very closely with the description of HS as defined by Waksman [144], who emphasised the
intimate association that exists between HS and soil microorganisms.

4. Phytoremediation: A Strategy for Successful and Sustainable Reclamation

Any rehabilitation intervention strategy requires prior knowledge of the site to fully
understand prevailing conditions and determine the extent of land deterioration; most
of the time, the process begins with an evaluation of the soil and reclamation thereof.
Included are: identification of factors limiting soil fertility, soil physicochemical properties,
soil microflora, and the selection of appropriate plant species that, after due consideration
of conditions, will be able to sustain successful long-term vegetation cover [19,23,44]. It
is therefore pertinent to examine in some detail the rationale underpinning the design of
rehabilitation strategies and to comment on progress being made in the development of
these for successful and sustainable reclamation of land disturbed by coal mining.

In the late 1990s, phytoremediation was considered the use of green plants to remove
or render environmental pollutants harmless [145]. Both organic and inorganic pollutants,
present in either solid or liquid substrates, and air were targeted using one or a com-
bination of phytoextraction, phytodegradation, phyto-stabilization, rhizo-filtration, and
phyto-volatilization. By 2005, the concept of phytoremediation had grown to include plants
and the use of plant-associated microbes for environmental clean-up, and was perceived
as a cost-effective and non-invasive bioprocess remediation technology [146]. As stated
by Masciandaro et al. [147], plants produce a rich microenvironment capable of promot-
ing microbial proliferation and activity through organic materials, nutrients, and oxygen
supply. More contemporary studies regard phytoremediation as a green biotechnology
tool and a step towards the realization of sustainable rehabilitation practice [148] with
application in different environments including air, water, and soil [149]. Furthermore, a
conceptual phytoremediation value chain has been proposed [150]. Underpinned by pro-
cess engineering, six tiers, i.e., phytoremediation and metal removal, biomass cultivation
and supply, refining bioproducts, storage, distribution, and demand, are all used to inform
a multi-criteria decision-making model to address phytoremediation-refinery value chains
design. Proponents argue that the establishment of modelling frameworks offers a way
to derive commercial benefit from a phytoremediation strategy through biomass-derived
value-added products. Nevertheless, and as stated by Naylor et al. [151], soil microor-
ganisms play a major role in cycling soil organic carbon (SOC) to support plant growth.
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Furthermore, these authors argue that soil microbiome stability is key and is a combination
of resistance, resilience, and functional redundancy, which can be quantified to provide
insight into the severity of disturbances, and by inference, the intensity of phyto-remedial
action needed.

In light of the foregoing, it is clear that rehabilitation strategies must go beyond simply
rendering a new landscape. By considering land as an integrated living system with
functions both above and below ground, rehabilitation protocols should focus on strategies
that rebuild soil structure by stimulation of appropriate soil microbial communities and
promotion of function to re-establish nutrient cycles, SOM, and to ensure self-sustainability
(Figure 3). In this iteration, microorganism assemblages should address a minimum of two
related aspects: first, an ability to utilize polluting carbonaceous pollutants and/or coal
discard as a source of energy to yield a HS-rich soil-like by-product; and second, to assist
cover vegetation to capture both macronutrients (e.g., phosphorus, sulfur, nitrogen) and
micronutrients by penetration of plant root cortical cells. Of course, the primary initiative
is to secure necessary rhizosphere assemblages to facilitate accumulation of humics/fulvics
and generation and re-generation of SOM to sustain plant growth and vegetation of the
land to be remediated.

Figure 3. Plant–microbe interaction and metabolite flux in the rhizosphere. Fundamentals of a reha-
bilitation strategy to rebuild soil structure by stimulation of appropriate soil microbial communities
and promotion of function to re-establish nutrient cycles, SOM content, to ensure self-sustainability.
MAMP, microbe-associated molecular patterns; PAMP, pathogen-associated molecular patterns;
MTI/PTI, MAMP/PAMP-triggered immunity; SOM, soil organic matter. Inset: Probable interking-
dom molecular interactions/signaling in the rhizosphere adapted from [152].
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A detailed account of rhizosphere control of associations between plants and mi-
croorganisms, the impact on biodegradation and bioavailability of organic and metalloid
pollutants, and perspective on rhizosphere manipulation for management in the phytore-
mediation of soils, has been provided by Wenzel [153]. As stated by this author, multi-
polluted soils are complex and heterogenous which necessitates an integrated process
for rhizosphere management in which a combinatorial approach of hydrocarbon- and/or
coal-degrading microbes, co-cultivation of crops, and phytoextraction of pollutants is used
to achieve the desired soil and land management outcomes.

In terms of disturbed and degraded land, enrichment of the substrate with a HS-
containing soil-like material provides stable pH, increases electrical conductivity and
chelation potential, and provides structural support for biofilm formation which plays a
crucial role in driving establishment of the necessary beneficial microbial populations and
suppression of pathogen action. Of particular importance are AMF, which, together with
EMF and/or PGPR, enhance root microbiome structure and dynamics and facilitate capture
by plants of both macro- and micronutrients. Since AMF are believed to have contributed
directly to evolution of vascular plants [154], it is not unreasonable to suppose that appro-
priate use of the required microorganisms will positively influence any phytoremediation
strategy. This is particularly significant given that success depends on establishment of
above-ground plant species of sufficient biomass with active root growth to support prolif-
eration and activity of rhizosphere microbial consortia. Thus, together with root exudate
driven metabolite-induced recruitment of microbial consortia [155], recognition of sym-
biont and pathogen-associated patterns, and enhanced plant disease resistance [156,157],
and the overall contribution from the soil metaphenome [152], successful and sustained
phytoremediation of mining damaged soils is possible.

4.1. On the Origin, Supramolecular Aggregation, and Mode of Action of Humic Substances

According to a ‘new’ 21st-century view [158–160], HS comprise a collection of diverse,
relatively low-molecular-mass mostly aliphatic entities that exist as dynamic associations
structured by both hydrophobic interaction and hydrogen bonding. As originally proposed
by Piccolo and co-workers [161,162] and Nardi et al. [163], and since monomeric lipids
apparently bind humics [164], it might be expected that associations organize into what
appear to be micellar structures in appropriate aqueous environments. Structural char-
acteristics, as determined by detailed NMR analysis, indicate a network of crosslinked
polymeric substances that are complexed with metal ions to form aggregates. Thus, in
contrast to earlier views on HS structure which persisted for most of the 20th century, a
current view regards HS as neither aromatic nor recalcitrant but rather as an assemblage
of largely aliphatic and carbohydrate-derived structures that during the humification pro-
cess acquire some lignin-like structures [128,165]. However, and as stated by Trubetskoi
and Trubetskaya [166], while a supra-molecular concept for HS structure is plausible, un-
equivocal elucidation awaits confirmation. These authors go further and entertain the
possibility, based on intensive physicochemical analyses, that HS aggregates may indeed
comprise vesicles, as initially proposed by Wershaw [167], and that during alkaline isola-
tion, these structures either form or are released from organo-mineral complexes following
degradation of the membrane layer. Likewise, Semenov et al. [168] concluded after a
thorough evaluation of soil humification pathways that a supramolecular aggregation is
more consistent with characteristics displayed by HS such as polydispersity, heterogeneity,
amphiphilicity, dynamicity, and an ability to renew. It is also conceivable that vesicular
aggregates that make up the bulk of HS organo-mineral material arise, in part, follow-
ing release into the rhizosphere of plant- and microbe-derived extracellular vesicles (EV)
and/or exosomes.

Plants invest between 20 and 40% of photosynthetically-reduced C in root exu-
date [169]. While a number of studies indicate an interactive and regulatory role for
compounds exuded, the bulk are primary metabolites and include sugars, amino acids, and
organic acids that, together with soil micro-organisms, establish concentration gradients
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within the rhizosphere that modify root growth, interspecies interaction, and patterns
of C allocation [170,171]. Along with primary metabolites and bioactive secondary com-
pounds, root exudate also appears to contain extracellular vesicles (EV). Small EVs have
been isolated from roots of rice [172,173] and root exudate of tomato [174]. Proteomic
analyses of these have identified several proteins known to be involved in plant-microbe
interactions, and which inhibit spore germination and germination tube development of
several pathogenic fungi. This suggests that EV released from plant roots may impact both
inter-species communication and the root microbiome dynamic. Additionally, EV release
from cell surfaces is a highly conserved process across the biosphere and is documented
for archaea, bacteria, fungi (both mycorrhizal and non-mycorrhizal), and parasites [175].
Generally, EV are defined as lipid bilayer-enclosed, cytosol-containing vesicles released
by the cell into the extracellular space, and presumably into the rhizosphere as well [176].
Plant, fungal and bacterial EV have been shown to contain an assortment of proteins, lipids,
toxins, nucleic acids, pigments, polysaccharides, and enzymes [177–181].

Mechanisms involved in Gram-negative bacterial EV release are still not clear, but
it is known that these carry cell wall hydrolases and peptidoglycan-degrading enzymes,
whereas Gram-positive bacterial EV contain β-lactamases, hemolysin (hemolysin-like
proteins in cyanobacteria [182], and toxins [183]. This suggests that Gram-negative bacterial
EVs may be a source of cell wall-degrading enzymes that both facilitate EV release and
cell wall metabolism. Fungal EV have also been shown to carry proteins, lipids, pigments,
polysaccharides, and RNA which, taken together, represent virulence factors [181,183] and
are known to contain enzymes and proteins including glucanase and glucanosyl transferase
involved in cell wall turnover [179]. More importantly perhaps is that proteomic analysis
of EV from the ascomycete Histoplasma capsulatum revealed the presence of a complex of
proteins with multiple functions that included sugar metabolism, cell wall architecture, cell
signalling, lipid metabolism, cell growth/division, and virulence [184].

In plants, EV appear to be entities designed to protect the materials being transported
both inter-and extracellularly to support growth and development, defence against infec-
tion, and plant–microbe symbioses. In contrast, exosomes are considerably smaller than
EV and range in size from 50 to 150 nm in diameter, and are formed after fusion of mul-
tivesicular bodies with the plasma membrane. Additionally, plant-derived exosome-like
nanoparticles (ELNs) have also been characterized, and broccoli-derived nanoparticles were
determined, from size distribution, to be on average 32.4 nm in diameter [185]. Although
plant exosomes contain small molecules and proteins toxic to pathogenic fungi [186], their
precise biogenesis remains obscure [187,188] and the parts remain largely uncharacter-
ized [176]. The situation for animal systems is much farther advanced, and in these a hypo-
thetical pathway for vesicle biogenesis has been proposed [189]. The process involves, in
brief, membrane microdomains that govern protein and nucleic acid accumulation, assem-
bly, release of exosomes and/or ectosomes through regulated exocytosis, transport and/or
targeting, interaction and fusion, deposition of luminal contents, reassembly, and eventual
degradation or recycling. Precisely this process seems true for plant-derived exosomes. For
example, the ability of compositional components of broccoli- and ginger-derived nanopar-
ticles or exosomes to drive target specificity and impact human gut microbiome structure
and function has been demonstrated [185,190]. Thus, there is no apparent reason why
plant-derived exosomes should not also affect the root microbiome through interspecies
communication, and in a similar way after release of EV into the rhizosphere, and recent
studies seem to support this conjecture [191,192]. Indeed, it is very plausible that exosomes
and other EV which are liberated from all three domains of life, viz. Archaea, Bacteria and
Eukarya [193], contribute substrate to ‘humification’ which increases organic C content in
what would otherwise remain an infertile non-living medium.

4.2. Humification: A Dynamic Equilibrium That Sustains Soil Organic Matter

Humic substances (HS) are deemed the major fraction of SOM and represent the
outcome of a complex interaction between non-living organic matter and microbial commu-
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nities [194]. This complex interaction is often referred to as humification. One view defines
humification as a phenomenon involving the transformation of dead organic matter into
HS in which polysaccharides, but not lignin, is recycled via microbial metabolism [128].
It seems that the dynamic equilibrium between the pathways of humification and non-
humification stabilize SOM [168], and that humics lost from soil due to erosion, leaching,
mineralization and/or assimilation are replenished by recycling of plant and algal mat-
ter [195]. Indeed, it has been suggested that all soil biomolecules, including the non-humic
which cannot be separated without significant change in the chemical structure or chemical
properties of the supra-molecular aggregate, should be considered part of the HS frac-
tion [168]. Nonetheless, questions about the long-standing HS theory and an apparent role
for these in stabilizing SOM remain. While the concept of HS has either been severely criti-
cized and/or completely rejected [127,160,196], a recent perspective has embraced both the
‘traditional’ idea of HS and proposed a ‘new’ emergent view in which SOM is considered
a continuum of progressively decomposing organic matter [197]. Why a continuum of
decomposition and not a dynamic equilibrium? The latter being one in which the biological
response to the decomposition of ‘old’ organic matter would undoubtedly be assimila-
tion, synthesis, and assembly of ‘new’ but functionally distinct organic matter. A similar
conclusion was reached by Gerke [127] in an appraisal of the views communicated by
Lehmann and Kleber [197], which appeared to largely ignore the chemical or biochemical
polymerization of aromatic sub-units and aggregation of these to give humic molecules.
The latter is central to the concept of HS formation.

It is well accepted that abiotic mobilization of soil organic matter (SOM) can increase
the rate of loss of C from the soil by the mineralization of HS. This typically occurs when
the soil is either disturbed by erosion (e.g., wind and water) or clearance of vegetation
for activities such as agriculture and mining. It also occurs in soil that has been stored
in preservation banks until mining operations cease. In many cases, it is this ‘dead’ soil
that is used first in rehabilitation efforts, and it is to this that organic matter must be
returned. For managed fabrication of technosols from imported topsoil, carbonaceous-
containing spoil, overburden, and other materials, humification or the in situ biological
production of HS and accumulation of humified organic matter is key [22,34,47]. Without
humification, only two opposing processes are possible; either retention of the carbonaceous
material or its continued mineralization to oxides. In both cases, the generation of the
required technosols would be extremely difficult, if not impossible. Assuming humification
does occur, carboxylate and phenolate functional groups in the HS macromolecule allow
for complexes with Mg2+, Ca2+, Fe2+, and Fe3+ ions and the formation of chelates [198].
Hydrophobic bonds appear to hold the organic component of the humic molecules together
and HS seem to behave as micelles in solution [161,162,199]. In addition, organic acids
penetrate the humic micelle-like aggregate to re-arrange humic material and alter its
biological activity by mobilizing molecules from the bulk soil [199]. In alkaline conditions,
a negative charge develops which disrupts the high molecular size configuration and
breaks these larger humic aggregates into small micelles. Such conformational properties
of humic substances appear to be a function of pH, and the concentration of organic
acids which together contribute to the physical reclamation of soil [200], stimulation of
microbial community activity [201], and promotion of plant growth and developmental
responses [194].

A review of biological activity of HS at the soil–plant interface by Trevisan et al. [202]
concluded that these substances show plant growth promoter-like activity and appear to
stimulate cell division and differentiation. Indeed, early studies showed that coal-derived
sodium humate stimulated root growth in some plant species and appeared to do this by
promoting the formation of cell wall hydroxyproline and inhibiting peroxidase and indole-
3-acetic acid (IAA)-oxidase [95,203]. Additionally, HS stimulation of plasma membrane
H+-ATPase activity was suggested to indicate increased susceptibility of plants to bio-
inoculants with concomitant modification of rhizosphere microbial community structure
and activity [194]. These authors concluded further that changes in the biochemistry of
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energy generation and transport across the plasma membrane facilitated enhanced lateral
root and root hair development. A role for HS in root physiology was again emphasized
by results from a study that evaluated adventitious root formation using azalea micro-
shoots [204]. In this study, humate increased the concentration of IAA and gibberellic acid
(GA) in rooted shoots, whereas an increase in the concentration of other plant hormones,
including zeatin riboside (ZR) and isopentenyl adenosine (IPA), occurred during the in vitro
rooting process. Furthermore, HA increased the activity of a number of oxidases in humate-
treated micro-shoots including peroxidase (POD), superoxide dismutase (SOD), ascorbate
peroxidase (APX), catalase (CAT), and polyphenol oxidase (PPO). Some authors consider
that HS exert an effect via conventional signalling cascades to trigger molecular and
physiological responses [205], whereas others consider it a requirement to first obtain
data on the spatial distribution of HS in tissues and cells to better understand how these
substances impact plant physiology [206]. It is perhaps important to note that plant HA
are structurally similar to those from soil, which suggests a probable plant origin [207].
Fluorescence spectrophotometry has revealed the formation of HA in senescent plants and
algal matter before it reaches the soil [195]. Moreover, terrestrial plants and phytoplankton
are known to emit an array of benzenoid compounds into the atmosphere and at rates
that rival anthropogenic consumption of fossil fuels [129,208]. Whether these volatile
secondary organics make any direct contribution to SOC content is not clear. Nevertheless,
taken together, it seems plausible that replenishment, fortification, and preservation of
plant-derived bio-macromolecules plays an important role in the ‘humification process’
and in the partitioning of fixed C to soils.

In addition to using HS as soil amendment [209–212], to enrich root microbiome
structure and health [213,214], to regulate plant growth [194,202,206,215–219], and as a
eustressor [220,221], humics also contribute to green chemistry, control environmental
pollution, and contribute substantially to improving global soil fertility and water qual-
ity [122]. For example, the use of HS appears to be a suitable remediation strategy for soils
heavily contaminated with trace metals and other pollutants [222–226]; humics stabilize
composted sewage sludge by interacting with metal and organic ions, and may control
the fate of macro and micronutrients [227], and facilitate pollutant removal during water
treatment [228–230]. One additional, less well-recognized use for HS is in flue gas desul-
furization and denitrification for removal of SO2, NOx, CO2, H2S, and heavy metals from
waste gases [231].

4.3. Mycorrhizal Fungi and Plant Growth Promoting Rhizobacteria: Essential Biocatalysts for
Successful Phytoremediation

Phytoremediation is a specialized form of bioremediation in which specific plants and
their associated soil microbes are utilized to mitigate effects of pollutants and repair and
rehabilitate disturbed land so that it can be reclaimed for some other beneficial and produc-
tive purpose. Among the associated soil microbes typically involved in phytoremediation
are AMF, PGRB, and plant growth-promoting fungi (PGPF). It is accepted that symbiotic
microorganisms such as AMF are very effective at enhancing ability of plants to establish
and cope with prevailing conditions including fluctuations in water and nutrient availabil-
ity, and these symbionts appear to do so by improving plant nutrient uptake and water
relations. An important contribution in this regard is quantity and stability of soil aggre-
gates that comprise soil particles, presence of fungal mycelia, roots, and carbohydrate-rich
extra-polymeric substances (EPS) which help plants tolerate prevailing conditions [232,233].
In addition to AMF, some saprophytic fungi or PGPF also enhance plant performance
and do so by affecting biotransformation of pollutants to less or non-toxic forms. For
example, transformation of coal discard by a suite of coal degrading fungi and AMF to
a humic-enriched soil-like material in the Cynodon dactylon/coal rhizosphere [34]. Even
so, there is evidence that saprobic fungi and AMF are antagonistic, which can severely
impact plant–microbe mutualism, and consequently, phytoremediation outcomes. Thus,
germination and hyphal growth of Glomus mosseae were substantially reduced by Aspergillus
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niger, and the population of this saprobe decreased markedly following inoculation with
the AMF, either simultaneously or two weeks later, but not when inoculated two weeks
before inoculation with Glomus mosseae [234].

Both saprophytic fungi (and bacteria) and non-saprophytic EMF can be of benefit to
plants and other microbes, particularly in low resource and pollutant-containing environ-
ments. Whereas AMF scavenge for nutrients released by saprotrophic microorganisms,
EMF derive nourishment by utilizing dead and/or decaying organic matter [235]. Even
so, content and composition of any rhizodeposition remain context-specific and depen-
dent upon prevailing macrophytes and soil microbiota. While it is possible to distinguish
between strategies of nutrient acquisition by estimating C and N isotope composition
of various rhizospheric mycota [236], flux at the soil–root interface is bidirectional with
both macronutrients being lost from roots and taken up from soil [170]. The relative con-
tribution of these fluxes while clearly important remains ill-defined. Saprophytic fungi
increase soil pH, N and P contents, acid phosphatase and β-glucosidase activity [237]. In
addition, the saprobe Neosartorya fischeri, together with other coal-degrading fungi and
a suite of AMF, enhanced the oxidative bioconversion of waste coal to an HS-enriched
soil-like material [34]. Additionally, co-inoculation using the AMF Funneliformis mosseae
and the saprotrophic fungus Trichoderma viride alleviated oxidative damage in Triticum
aestivum plants grown in a phenanthrene-contaminated soil [238]. Thus, combining AMF
with appropriate saprophytic fungi does appear to have potential as a biofertilizer for soil
restoration within the context of a phytoremediation approach.

Like PGPR, several species of fungi also produce plant growth regulators including
gibberellins and auxins. Indeed, gibberellins were first identified from the ascomycete Fusar-
ium fujikuroi [239] and both gibberellins and auxin are produced by AMF [240], EMF [241],
and by the saprophytic pathogen, Leptosphaeria maculans [242]. In addition to phytohor-
mone production, PGPR also produces siderophores and are capable of phosphate and
potassium solubilization, and ACC deaminase activity [243], and several species appear
to show coal degrading activity [107]. Of course, only three outcomes are possible from
interactions between either AMF or EMF and PGP microbes, and these are: synergistic,
antagonistic, and no response [244]. Positive effects of PGP microbes are likely either direct
or indirect and achieved only following colonization of root surfaces. Direct effects on plant
growth include biofertilization, growth stimulation, and mitigation of the impact of abiotic
and biotic stressors, whereas indirect effects include disease reduction, antibiosis, induction
of systemic resistance, and increasing nutrient availability [245]. Thus, it is perhaps not
surprising that PGP microbes are touted to replace the use of chemical fertilizers in agricul-
ture, horticulture, silviculture, and environmental clean-up strategies [243,246,247]. More
extensive information about mycorrhizal fungal species as mediators of the outcome of
inoculation, together with other beneficial rhizospheric microbiota, such as PGPF and PGPR
on plant growth, root or rhizosphere colonization, disease suppression, and as biocontrol
agents or biofertilizers, can be found in several extensive reviews [244,248–251].

4.4. Towards Sustainable Rehabilitation: The Fungcoal Process

From the above in-depth assessment of phytoremediation and associated contribu-
tion of humic-like substances and humification in soil establishment and fertility, and the
essential role of PGPR and AMF, any new rehabilitation strategy must initially focus on
rebuilding soil structure, recruiting and stimulating growth of soil microbial populations,
and re-establishing nutrient cycles to ensure a sustainable outcome. The patented Fungcoal
process was developed as a platform technology to address precisely these aspects and,
with the major outcome: a novel technology for coal biosolubilization and beneficiation [35].
In brief, Fungcoal is based on mutualistic interaction between C4 grasses—such as Cynodon
dactylon, Eragrostis tef, Pennisetum clandestinum, among others—root exudate, a suite of
AMF including one or more of the following, Glomus clarum, Paraglomus occultum, Gigaspora
gigantea and Glomus mossea, and at least one coal-degrading fungus, such as the isolates, As-
pergillus strain ECCN 84 and/or Neosartorya fischeri strain ECCN 84. Developed as a strategy
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for rehabilitation of coal discard dumps and open cast spoil, the strategy exploits plant–
fungal mutualism to achieve biodegradation of any carbonaceous pollutant, and promotes
reinvigoration of soil components and grass growth to sustain long-term re-vegetation.

In 2006, small-scale trials were initiated on a Roofcoal discard dump at Kleinkopje
Mine, Landau Colliery, to determine whether the Fungcoal bioprocess indeed contributed to
sustained rehabilitation, and to derive a protocol to ensure biological degradation and trans-
formation of the carbonaceous substrate into a humic-enriched soil-like material capable
of supporting vegetation. In 2012, hectare-scale trials were initiated on carbonaceous-
containing opencast spoil at Kromdraai Mine, Landau Colliery, to corroborate results
obtained at a small-scale. While details of the experimental procedures from these trials are
recounted elsewhere [22,34], a collage of the outcomes is presented in Figure 4.

Figure 4. Photographs from studies carried out in South Africa by the authors laboratory illustrating
successful re-vegetation of coal discard following application of Fungcoal technology. (a) In-season
pot trial showing progression of Cynodon dactylon growth on coal discard; (b) re-vegetation at a small-
scale (20 m × 20 m) of a roof-coal dump in the Emalahleni Coalfield following application of Fungcoal
(in early Summer 2006/7), planted with Cynodon dactylon, shown in winter (2012) and summer (2014);
and (c) time course of re-vegetation at a hectare-scale of discard-containing open cast spoil at Landau
Colliery (Kromdraai Mine), Emalahleni, following application of Fungcoal (September 2012) and
seeded using a mix of Digitaria eriantha, Chloris gayana, Eragrostis tef, and Medicago sativa (5:5:4:2)
applied at 20 kg/ha. For details of experiment, see Cowan et al. [22].
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Pot trials, long-term small-scale field trials, and large-scale commercial scale applica-
tion of Fungcoal monitored over several years confirmed successful in situ biodegradation
of the carbonaceous pollutant, an increase in substrate HS content, and sustained cover
vegetation without using outsourced topsoil (Figure 4). Fungcoal also improved substrate
water holding capacity, reduced substrate ash content, and mitigated substrate acidification
and salinity [22,34].

Informed selection of microbial and macrophyte biocatalysts appears therefore to be
crucial for successful implementation of a phytoremediation technology, particularly given
the importance of inter-kingdom interaction in the process [151,152]. Furthermore, while
degradation of carbonaceous pollutants is clearly one objective [33,58,59,252,253], bacte-
ria [47,105,106,254], in particular PGPR [107], microalgae [255,256] and plants all participate
in achieving the desired biotransformation and land restoration outcomes [31,32,34,51].
This inter-kingdom mutualism we posit is made possible by the suite of small molecules
emanating from the phyllosphere and plant litter, microbial necromass, root exudate, and in
situ substrate weathering, which together constitute the rhizosphere metabolome [257–259].
These agglomerated small organics serve as chemical signals that likely help recruit, stimu-
late, and coordinate microbial community structure, composition, and function. Indeed,
the largest fraction of organic carbon entering the soil is from plant residues [257], and
studies confirm that vegetation type and litter quality are major determinants of rhizo-
sphere microbial activity [29] and soil fertility [260]. Earlier, we recounted information on
structure and origin of HS and humification which, it was suggested, represents a dynamic
equilibrium that sustains SOM. Given the outcome from Fungcoal applications, which
support contention that accumulation of humics/fulvics and thus SOM is an outcome of
distinct microbial community activity [142,143], as proposed originally by Waksman [144],
we posit further that de novo synthesis of SOM is by specialized microbial consortia,
which we have called ‘humifiers’, and which use molecular components from the root
metabolome as substrate. Candidate bacterial humifiers may include the Actinobacteria
with members of the Streptomyces, Proteobacteria (e.g., Devosia and Enterobacter) known
to produce LAC and contribute to HS formation during composting [261], and members
of the Sphingobacteriales, best known for their bioremediation potential, especially those
from the family Saprospiraceae [51].

It has long been established that certain fungi are also strongly associated with pro-
motion of humification [262,263]. Here, the saprotroph Trichoderma koningii, a common
soil-dwelling fungus effective at colonizing plant roots and inhibiting disease-causing
fungi, was shown to promote humification [262]. It was further deduced that humification
commenced with the transformation of the smaller FA fraction, suggestive of the involve-
ment of polymerization reactions. For waste coal, it is now accepted that the major route
for fungal depolymerization of macromolecular coal is by LAC-catalyzed biosolubiliza-
tion [33,58,59] and that (re)-polymerization is necessary for humification to occur. The
latter may be a function of plant-derived lignins and bacterial ‘humifiers’ which appear
part of the polymerization process [60]. Indeed, the accumulation of an HS-rich soil-like
material was attenuated in the absence of functional macrophytes [34], while bacteria
isolated from microenvironments with high content of coal and/or hydrocarbon waste
actively supported the formation of HS [66,85].

As elaborated above, it is generally accepted that plants enrich the microenvironment
by exuding organics, nutrients, and supplying oxygen to promote growth and activity of
soil microbes. In addition, it is the synergistic interaction between these organics, microor-
ganisms and plants that is believed to ensure conservation of ecosystem integrity [147].
In this regard, addition of organic matter provides both readily accessible carbon and
nutrients which, by a process termed bioaugmentation, accelerate the bioconversion and
degradation of any contaminants. Furthermore, soils accumulate carbon when an increase
in aboveground biomass is small and shed carbon when increases in plant biomass are
high; moreover, associations of plants with mycorrhizal fungi appear to be key [264]. The
latter is directly linked to plant nutrient acquisition strategies which, for most plants, are
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determined by actions of associated AMF. It is important to mention that in contrast to
plant-AMF associations, plants that associate with EMF show higher aboveground biomass
when exposed to elevated atmospheric CO2 [265]. Since AMF scavenge for nutrients re-
leased by saprotrophic microbes, whereas EMF mineralize nutrients from organic matter,
a combination of both types of mycorrhizae would seem a necessary component in any
phytoremediation protocol.

5. Conclusions

In this article, a recently developed strategy (i.e., Fungcoal), used to rehabilitate open
cast spoil, re-vegetate mining disturbed land, and coal discard dumps, was elaborated in
detail in an effort to establish the physicochemical characteristics of HS, how HS and SOM
might arise, and the contribution of in situ humification to soil fertility. Taken together,
the accumulated information seems to support ideas that soil microorganisms are indeed
capable of either solubilizing or degrading coal discard and coal by-product to render a
HS-rich soil-like residue that potentially serves as substrate for microbial humifiers and
supra-molecular aggregation of HS into SOM via ‘humification-like’ processes. In this
context, humification, or the in situ biological production of HS, represents a dynamic equi-
librium wherein both “transforming” and “processing” microbes are core in assimilation
and bio-conversion of components within the root microbiome and contribute directly
to development of technosols capable of sustaining plant growth and re-vegetation. In
addition to the contribution of substrate supplied by coal degrading saprobes (i.e., fungi
and bacteria), mycorrhizal fungi, both AMF and EMF, and PGPR and fungi appear to be
essential biocatalysts in phytoremediation. It is the overall direct and indirect input from
the technosol metaphenome that ensures that successful and sustained rehabilitation of
damaged soils and disturbed land is possible. Of course, macrophytes also play a critical
role, and provide both readily accessible C in the form of exudate and a supply of litter.
Exudate, together with vegetation type and litter quality, seem to be major drivers of
rhizosphere microbial activity, the promotion of metabolite-induced recruitment of ap-
propriate microbial consortia, and the increase in HS content, SOM, and fertility. Thus, a
functional bio-scaffold appears essential for maintenance of the SOM dynamic and overall
biogeochemistry of organic carbon in the global ecosystem.

Development of sustainable technologies such as Fungcoal that reuse and recycle
waste to generate functional technosols may significantly minimise the environmental land
disturbance footprint. Furthermore, phytoremediation of land disturbed by activities such
as mining using bespoke purposed technologies, such as Fungcoal, present an opportunity
to transform not only that which is regarded in a linear economy as hazardous and of little
value, but also degraded and disturbed land by providing a platform for in situ formation
of HS and SOM to improve overall soil fertility and C sequestration activity. Additionally, in
the case of coal mining-disturbed land, the reuse of spoil, coal by-product and coal discard
may very well prove over time to be an approach, both financially and environmentally,
that has the potential to solve many challenges in a post-coal world.
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242. Leontovyčová, H.; Trdá, L.; Dobrev, P.I.; Šašek, V.; Gay, L.; Balesdent, M.H.; Burketová, L. Auxin biosynthesis in the phy-

topathogenic fungus Leptosphaeria maculans is associated with enhanced transcription of indole-3-pyruvate decarboxylase
LmIPDC2 and tryptophan aminotransferase LmTAM1. Res. Microbiol. 2020, 171, 174–184. [CrossRef]

243. Santoyo, G.; Moreno-Hagelsieb, G.; Orozco-Mosqueda, M.C.; Glick, B.R. Plant growth-promoting bacterial endophytes. Microbiol.
Res. 2016, 183, 92–99. [CrossRef]

244. Saldajeno, M.G.B.; Hyakumachi, M. Arbuscular mycorrhizal interactions with rhizobacteria or saprotrophic fungi and its
implications to biological control of plant diseases. In Mycorrhizal Fungi: Soil, Agriculture and Environmental Implications; Fulton,
S.M., Ed.; Nova Science Publishers: New York, NY, USA, 2011; pp. 187–212.

245. Lugtenberg, B.; Kamilova, F. Plant-growth-promoting rhizobacteria. Annu. Rev. Microbiol. 2009, 63, 541–556. [CrossRef]
246. Glick, B.R. Using soil bacteria to facilitate phytoremediation. Biotechnol. Adv. 2010, 28, 367–374. [CrossRef] [PubMed]
247. Glick, B.R. Plant growth-promoting bacteria: Mechanisms and applications. Scientifca 2012, 2012, 963401. [CrossRef] [PubMed]
248. Bais, H.P.; Weir, T.L.; Perry, L.G.; Gilroy, S.; Vivanco, J.M. The role of root exudates in rhizosphere interactions with plants and

other organisms. Annu. Rev. Plant Biol. 2006, 57, 233–266. [CrossRef] [PubMed]
249. Begum, N.; Qin, C.; Ahanger, M.A.; Raza, S.; Khan, M.I.; Ashraf, M.; Ahmed, N.; Zhang, L. Role of arbuscular mycorrhizal fungi

in plant growth regulation: Implications in abiotic stress tolerance. Front. Plant Sci. 2019, 10, 1068. [CrossRef] [PubMed]
250. Frey, S.D. Mycorrhizal fungi as mediators of soil organic matter dynamics. Annu. Rev. Ecol. Evol. Syst. 2019, 50, 237–259.

[CrossRef]
251. Saleem, M.; Hu, J.; Jousset, A. More than the sum of its parts: Microbiome biodiversity as a driver of plant growth and soil health.

Annu. Rev. Ecol. Evol. Syst. 2019, 50, 145–168. [CrossRef]
252. Shi, K.; Liu, Y.; Chen, P.; Li, Y. Contribution of lignin peroxidase, manganese peroxidase, and laccase in lignite degradation by

mixed white-rot fungi. Waste Biomass Valoriz. 2021, 12, 3753–3763. [CrossRef]
253. Feng, X.; Sun, J.; Xie, Y. Degradation of Shanxi lignite by Trichoderma citrinoviride. Fuel 2021, 291, 120204. [CrossRef]
254. He, W.; Megharaj, M.; Subashchandrabose, S.R.; Wu, C.-Y.; Dai, C.-C. Endophyte-assisted phytoremediation: Mechanisms and

current application strategies for soil mixed pollutants. Crit. Rev. Biotechnol. 2020, 40, 31–45. [CrossRef] [PubMed]
255. Lukešová, A. Soil Algae in brown coal and lignite post-mining areas in central Europe (Czech Republic and Germany). Restor.

Ecol. 2001, 9, 341–350. [CrossRef]

http://doi.org/10.1016/j.watres.2018.07.003
http://doi.org/10.1680/geimogacl.32774.0004
http://doi.org/10.1080/09593332808618859
http://doi.org/10.1016/j.ijheh.2017.01.003
http://doi.org/10.1021/ef502299k
http://doi.org/10.1023/A:1014923911324
http://doi.org/10.1016/j.jenvman.2010.07.008
http://doi.org/10.1111/nph.12221
http://doi.org/10.1016/j.gsf.2011.12.005
http://doi.org/10.1111/sum.12160
http://doi.org/10.3390/agronomy11030411
http://doi.org/10.1007/s00344-015-9546-1
http://doi.org/10.1088/1755-1315/343/1/012058
http://doi.org/10.1371/journal.pone.0227478
http://doi.org/10.1016/j.resmic.2020.05.001
http://doi.org/10.1016/j.micres.2015.11.008
http://doi.org/10.1146/annurev.micro.62.081307.162918
http://doi.org/10.1016/j.biotechadv.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20149857
http://doi.org/10.6064/2012/963401
http://www.ncbi.nlm.nih.gov/pubmed/24278762
http://doi.org/10.1146/annurev.arplant.57.032905.105159
http://www.ncbi.nlm.nih.gov/pubmed/16669762
http://doi.org/10.3389/fpls.2019.01068
http://www.ncbi.nlm.nih.gov/pubmed/31608075
http://doi.org/10.1146/annurev-ecolsys-110617-062331
http://doi.org/10.1146/annurev-ecolsys-110617-062605
http://doi.org/10.1007/s12649-020-01275-z
http://doi.org/10.1016/j.fuel.2021.120204
http://doi.org/10.1080/07388551.2019.1675582
http://www.ncbi.nlm.nih.gov/pubmed/31656090
http://doi.org/10.1046/j.1526-100X.2001.94002.x


Minerals 2022, 12, 111 28 of 28

256. Chamizo, S.; Mugnai, G.; Rossi, F.; Certini, G.; De Philippis, R. Cyanobacteria inoculation improves soil stability and fertility on
different textured soils: Gaining insights for applicability in soil restoration. Front. Environ. Sci. 2018, 6, 49. [CrossRef]

257. Condron, L.; Stark, C.; O’Callaghan, M.; Clinton, P.; Huang, Z. The role of microbial communities in the formation and
decomposition of soil organic matter. In Soil Microbiology and Sustainable Crop Production; Dixon, G.R., Tilston, E.L., Eds.; Springer:
Dordrecht, The Netherlands, 2010; pp. 81–118. [CrossRef]
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