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ABSTRACT 

Petroleum hydrocarbons and toxic metals are sources of environmental contamination and are 

harmful to all ecosystems. Fungi have metabolic and morphological plasticity that turn them 

into potential prototypes for technological development in biological remediation of these 

contaminants due to their ability to interact with a specific contaminant and/or produced 

metabolites. Although fungal bioinoculants producing enzymes, biosurfactants, polymers, 

pigments and organic acids have potential to be protagonists in mycoremediation of 

hydrocarbons and toxic metals, they can still be only adjuvants together with bacteria, 

microalgae, plants or animals in such processes. However, the sudden accelerated development 

of emerging technologies related to the use of potential fungal bioproducts such as 

bioinoculants, enzymes and biosurfactants in the remediation of these contaminants, has boosted 

fungal bioprocesses to achieve higher performance and possible real applications. In this review, 

we explore scientific and technological advances in bioprocesses related to the production 

and/or application of these potential fungal bioproducts when used in remediation of 

hydrocarbons and toxic metals from an integral perspective of biotechnological process 

development. In turn, it sheds light to overcome existing technological limitations or enable new 

experimental designs in the remediation of these and other emerging contaminants. 
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Abbreviations 

PAH, polycyclic aromatic hydrocarbons; AMF, arbuscular mycorrhizal fungi; NO3
-, nitrate; 

SO4
-, sulfate; CO2, carbon dioxide; H2O, water; GC-MS, mass spectrometry coupled to gas 

chromatography; CYP, cytochrome P450 monooxygenases; Eh, redox potential; HBT, 1-

hydroxybenzotriazole; ABTS, 2,2′-Azino-bis(3-ethylbenzthiazoline-6-sulfonic acid); ROS, 

reactive oxygen species; NER, non-extractable residues; CMC, critical micelle concentration 

(CMC); SL, sophorolipids; MEL, mannosylerythritol lipids; PL, polyol lipids; RBBR, Remazol 

Brilliant Blue R; CTAB, cetyltrimethylammonium bromide; DCPIP, 2,6-dichlorophenol 

indophenol; CG, gas chromatography; MIC, minimum inhibitory concentration; AAS, atomic 

absorption spectrometry; ITS, Internal Transcript Spacer; DGGE, denaturing gradient gel 

electrophoresis; FISH, fluorescence in situ hybridization ; T-RFLP, terminal restriction 

fragment length polymorphism; STR, stirred tank reactors; CaCO3, calcium carbonate; 

Na5P3O10, sodium tripolyphosphate. 

 

1. INTRODUCTION 

Environmental contamination by petroleum hydrocarbons and toxic metals is a worldwide 

problem that threatens public health. Petroleum industrial activities, anthropogenic actions and 

environmental disasters are frequent and represents major sources for such contamination [1–3]. 

Petroleum is a recalcitrant compound with a complex composition of saturated, unsaturated and 

ramified hydrocarbons, which includes aliphatic, alicyclic, monoaromatic, polycyclic aromatic 

hydrocarbons (PAHs), resins, and asphaltenes [4,5]. Aliphatics have lower toxicity than 

aromatics (alkylbenzenes, PAH) and alicyclics. Low molecular weight PAHs have up to 3 fused 

benzene rings, while high molecular weight PAHs have 4 rings or more (Fig. 1) [5]. The 

volatility of these hydrocarbons decreases with increasing molecular weight and exhibit low 

solubility and availability, especially in long-term contaminated soils [6]. In living cells some 

metals such as cobalt (Co), copper (Cu), iron (Fe), magnesium (Mg), manganese (Mn), 

molybdenum (Mo), selenium (Se), and zinc (Zn) are essential for various biochemical functions 

in appropriate concentrations, but at high concentrations these metals are toxic. Other non-

essential metals such as arsenic (As), lead (Pb), chromium (Cr), mercury (Hg), and cadmium 

(Cd) are toxic even at very low concentrations [7,8].  

Fig. 1 Chemical structures of the principal petroleum hydrocarbons: aliphatics (a), alicyclics (b) and aromatics (c) 

In this context, hydrocarbons and toxic metals exhibit cytotoxic, carcinogenic and mutagenic 

effects, which tend to decrease the biotic potential in terrestrial and aquatic ecosystems [9]. 

These contaminants can bioaccumulate in animal or plant cells [2,10], and particularly metals 



have the potential to be transported through the food chain undergoing biomagnification [3]. 

Thus, there is an urgent need for the development of technologies to remediate hydrocarbons 

and toxic metals. 

Biological remediation is an eco-sustainable and more cost-effective technology compared to 

physical or chemical treatments of hydrocarbons and toxic metals [11,12]. Patents and articles 

on biological remediation reported between 1997-2017 point out that the main technologies 

available are those intended for the remediation of hydrocarbons (38%) and toxic metals (21%) 

in soils [12]. Furthermore, the number of articles and patents on fungi as bioremediation agents 

is only surpassed by those based on bacteria [12]. This specific fact can be partially explained 

by the 30-year gap for such purposes between the initiation of fungal bioprocesses (1970s) 

compared to bacteria (1940s) [13,14]. Furthermore, technological development involving the 

production and/or use of fungal metabolites for such specific purposes has only begun in the 

past 30 years (in 1990s) [15]. Thus, it is presumed that although fungi of various morphologies 

such as arbuscular mycorrhizal (AMF) [16], filamentous [17,18], unicellular yeast [19,20] or 

mushrooms [21,22] have been reported as promising prototypes for technological development 

in hydrocarbon and toxic metal remediation, they still remain underexplored for such purposes. 

Prototypes, in technological development of services or products, are structures projected as a 

proof concepts to validate their feasibility, verify their performance, and collect feedback that 

may enhance their features before making them commercially available [23]. In this context, 

fungi are prototypical service providers in remediation due to their ability to assimilate 

hydrocarbons and obtain energy or produce biomass through passive mechanism (without 

energy expenditure), as well as toxic metals interaction (e.g., biosorption) [24–26], which in 

turn also makes them product providers as (bio)-inoculants for mycoremediation. Alternatively, 

through active metabolism, fungi are also prototype providers of potential valuable metabolites 

used in mycoremediation, which includes enzymes [27], biosurfactants [28], organic acids [29], 

polymers [16], pigments [30] and siderophores [31]. Fungal strains produce these metabolites to 

promote their survival, growth and protection in diverse environments. However, this ecological 

potential to colonize and/or remediate environments can be enhanced when the use of these 

prototypes is exploited through biotechnological processes [8,32].  

The potential of fungi belonging to the phyla Ascomycota [33,34], Basidiomycota [21,35], 

Glomeromycota [36,37], and Mucoromycotina (incertae sedis) [18,38] to remediate 

hydrocarbons and toxic metals arises from their ability to thrive in such environments and the 

capability to engage in natural attenuation processes. However, higher performance compared to 

natural attenuation can be achieved when the biotic potential of these fungal strains is increased 

through changes in physicochemical parameters (pH, moisture and aeration) at the site and/or by 



the addition of nutrients to favor biostimulation of the indigenous microbiota [39,40]. 

Furthermore, these autochthonous fungi can be isolated, domesticated and also used as 

bioinoculants to carry out bioaugmentation of the microbiota involved in remediation through 

passive or active mechanism [41,42]. In other words, fungi bioprospecting allows the selection 

of those that have potential to be used to produce bioinoculants or metabolites applied to 

environmental remediation [43,44]. Bioinoculants are selected strains that resist the toxicity and 

presence of other microorganisms in the contaminated site and still have the ability to interact 

with contaminants and/or produce metabolites for remediation [28,41]. These metabolites can 

be different biochemical molecules that interact with contaminants to carry out or enhance the 

steps involved in environmental decontamination [17,30]. 

The degradation pathways and interaction of fungal metabolites with hydrocarbons and toxic 

metals are sources of speculation that enable more assertive bioproduct development [24,31]. 

Biotechnological processes are under constant development to enable large-scale production of 

enzymes and biosurfactants, but the market for these fungal bioproducts to remediate 

hydrocarbons and toxic metals is still incipient [45,46]. Only fungal biosurfactants are already 

marketed for this purpose [47,48]. The main obstacle to the practical application of products 

containing enzymes and/or bioinoculants as metabolite producers is related, respectively, to the 

sensitivity to environmental and nutritional parameters of these products in contaminated 

environments [1,49]. The high costs, low productivity and technological limitations related to 

the production/application of fungal bioproducts also still restrict their use [1,45].  

Biotechnology companies and universities worldwide have boosted fungal prototyping from the 

development of emerging technologies to propose, elucidate and/or enhance bioprocesses 

focused on the containment/removal/degradation/detoxification of hydrocarbons or toxic metals 

[45,50,51]. These emerging technologies are the result of technical-scientific advances and 

innovations in various fields that promote “biotic and abiotic resource optimization” or 

“performance enhancement” in various steps of fungal bioprocesses focused on environmental 

remediation [32,52]. Figure 2 shows the main bioprocess fields in mycoremediation.  

Fig 2. Main current insights in scientific-technical development from the use of fungi in mycoremediation 

In this context, technological development is premised on exploring the biodiversity of fungal 

strains that allows the expansion of resources to: (1) elucidate mechanisms of action and 

degradation pathways [24,53]; (2) enhance existing technologies involved in process steps [32], 

(3) minimize negative effects related to abiotic and biotic parameters [31,41]; and (4) propose 

alternative strategies through physicochemical-biological systems or biosystems to add 

resources or overcome technological limitations [52,54]. In summary, such biotechnological 

resources serve as supports in mycoremediation processes and generally have as “starting point” 



the bioprospecting in different environments, with a possible “end point” being the formulation 

of bioproducts and ecotoxicological tests to ensure environmental safety [17,23,35]. 

Although the mycoremediation of hydrocarbons and toxic metals is not a new subject in the 

scientific literature [39,40], its approach is promising and current, which corroborates with the 

high number of research articles proposing technologies and review articles presenting the 

scientific state of the art in different fields of knowledge [37,55,56]. No reviews, however, were 

found regarding to scientific advances and emerging technologies from a mechanistic 

perspective focused on the integral mycoremediation processes from bioinoculants, enzymes 

and biosurfactants. This gap, when overcame, can extrapolate the current interface between 

available and innovative technologies for fungal bioprocesses in hydrocarbon and toxic metal 

remediation. This review therefore aimed to compile and explore information on the main 

mechanistic actions and use of fungal bioproducts such as bioinoculants, enzymes and 

biosurfactants for the remediation of hydrocarbons and toxic metals. We also comprehensively 

scrutinized the scientific and technological advances to promote, enhance and increase the 

performance of these bioproducts when used for the remediation of such contaminants.  

 

2. FUNGAL MECHANISMS AND ENZYMES FOR HYDROCARBONS 

REMEDIATION  

 

Oxygen, the second most available element in air, is involved in natural hydrocarbon 

degradation processes, and acts as the final electron acceptor in aerobic microbial metabolism, 

which promotes higher energy production compared to anoxic conditions [57,58]. In general, 

fungal bioinoculants under oxygen-limited or anaerobic conditions (e.g., aquifers, sludge or 

mangroves) utilize various inorganic radicals or compounds such as nitrate (NO3
-), sulfate (SO4-

), Fe+2, Mn+2 and carbon dioxide (CO2) as final electron acceptors [11,57]. Anoxic conditions 

can also be generated during hydrocarbon degradation due to an increase in microbial 

respiration during the consumption of readily assimilable substrates used to support microbial 

growth [58]. Anaerobic degradation however, can occur at negligible rates and produce 

metabolites that are more toxic than their original counterpart and/or inhibit other strains during 

degradation [6,59]. 

One of the main ecological contributions of fungi is their ability to produce enzymes that cleave 

chemical bonds and/or transfer functional groups in different hydrocarbon structures. The 

catalysis involved in hydrocarbon degradation, besides providing energy for strains, assists the 

transfer of electrons from a reduced organic substrate (hydrocarbons-donor) to another chemical 

compound (acceptor) [17,59]. Although the same set of fungal enzymes partially or completely 



degrade or detoxify hydrocarbons, the degradation pathways and mechanisms involved in these 

processes may be different for each hydrocarbon [4,60]. Susceptibility to hydrocarbon 

degradation by fungal enzymes can be classified by the following sequence: linear aliphatic> 

branched aliphatic> aromatic> alicyclic [5,61]. Possible hydrocarbon degradation pathways are 

deduced through combined analyses of genome annotation/transcriptomic and gas 

chromatography coupled to a mass spectrometry (GC-MS) profile [31,53]. Thus, possible 

metabolic pathways involved in degradation of aliphatic and alicyclic hydrocarbons, PAHs and 

alkylbenzene are shown in Figures 3 and 4, respectively. 

Fig. 3 Possible peripheral pathways for degradation of aliphatic and alicyclic hydrocarbons by fungi are shown in a and b, 

respectively (modified from [4,5,62]) 

Fig. 4 Possible peripheral pathways for degradation of PAHs and alkyl-benzene by fungi are shown in a and b, respectively 

(modified from [4,60]) 

When incorporated within the fungal cell, hydrocarbons are degraded by intracellular enzymes 

via cytosolic or mitochondrial pathways [53,63]. Mass transfer of hydrocarbon into cells by a 

passive mechanism can be restricted to specific structural fractions of the molecule [64]. 

Hydrocarbon degradation and intracellular lipid metabolism is speculated in fungal cells, since 

hydrocarbons can be stored in lipid bodies and be oxidized simultaneously in neighboring 

peroxisomes [24,65]. Extracellular enzymes also partially degrade hydrocarbons, producing 

different intermediate metabolites that may be assimilated by the fungus itself or by other 

strains for further detoxification [53,60].  

Intracellular enzymes such as epoxide hydrolases, quinone oxidoreductases and cytochrome 

P450 monooxygenases (CYPs) catalyze several reactions involved in hydrocarbon degradation, 

such as hydroxylation, epoxidation, dealkylation, sulfoxidation, deamination, desulfurization, 

dehalogenation and N-oxide reduction in fungal cell [57,63]. The number of CYPs genes can 

vary according to morphological characteristics of the fungus. Saccharomycotina yeasts 

(Candida maltosa, C. tropicalis, C. apicola, Yarrowia lipolytica) have relatively few CYPs 

genes, while filamentous Eurotiales fungi (Aspergillus flavus, Monascus ruber and Penicillium 

chrysogenum) tend to have high numbers of CYPs [11,66]. Other intracellular enzymes such as 

transferases (glutathione system), hydroxylases, dioxygenases, dehydrogenases, reductive 

dehalogenases, nitro-reductases and tyrosinases (sometimes extracellular) may also be involved 

in hydrocarbons degradation [31,53,63].  

Extracellular enzymes such as peroxidases (lignin, manganese and versatile) and the (poly)-

phenol oxidases (laccases, tyrosinases) have low substrate specificity, since they are involved in 

the degradation of lignin (composed of phenolic molecules), which also promotes their catalytic 

action in hydrocarbon degradation [63,67]. The redox potential (Eh) of these enzymes is directly 

related to hydrocarbon oxidation. Peroxidases have high Eh (1.0-1.5 V) and are dependent and 



sensitive to H2O2 concentrations, while laccases have lower Eh (0.4-0.8 V) and can be produced 

by basidiomycetes and ascomycetes [68,69]. Although laccases and tyrosinases have catalytic 

similarities such as containing Cu in their structures and requiring O2 for catalysis, fungal 

tyrosinases are still less studied for remediation of hydrocarbons compared to laccases [70,71]. 

Tyrosinases oxidize a smaller range of hydrocarbons than laccases and there is a risk of their 

irreversible inactivation during the degradation of these contaminants [72,73]. Additionally, 

hydrolytic enzymes such as lipases and esterases also promote hydrocarbon biotransformation, 

as genes encoding for these enzymes were expressed by Dentipellis sp. [69] and Aspergillus 

sydowii [53], respectively, during degradation of PAHs.  

In summary, the reactions involved in enzymatic catalysis of hydrocarbons are aimed to initially 

incorporate molecular oxygen into their structure and produce more polar pre-intermediate 

metabolites, which also stimulates their subsequent degradation [5,57]. This goal is achieved 

through the formation/transfer of hydroxyl groups and/or cleavage of C-C bonds between 

adjacent phenolic hydroxyl groups of the hydrocarbon, which through specific metabolic 

pathways form other more soluble and less toxic intermediate metabolites, such as carboxylic 

acids and aldehydes [31,53]. These, in turn, can be excreted to be degraded by other microbial 

strains or enzymes; or are stored in lipid vesicles, or biotransformed by β-oxidation and the 

tricarboxylic acid cycle to produce simpler organic compounds such as pyruvate, acetate, and 

subsequently CO2 and water (H2O) [5,57,65].  

2.1 Enzymatic mycoremediation 

 

When enzyme-producing fungal bioinoculants are applied to contaminated soils, the produced 

enzymes diffusion is probably low, since excreted enzymes tend to concentrate near the cells 

and/or where substrates are available [74]. The practical use of enzyme-producing fungal 

bioinoculants for bioaugmentation in non-sterile contaminated soils may have their enzyme 

activity influenced due to microbial co-metabolism [60]. On the other hand, enzymatic 

mycoremediation occurs through the use of concentrated enzymes (crude or purified extract), 

and may present advantages compared to the use of bioinoculants [49,75]. This is corroborated 

by the fact that enzymes can exhibit: (1) higher catalytic activity; (2) smaller size, which 

improves their diffusion; and (3) higher stability and coverage over a wide range of 

physicochemical gradients and contaminant concentrations [27,49]. For instance, the use of 

crude laccases extract (60 U•mL-1) produced by Pleurotus sajor-caju at pH 3.2 and 30 °C 

promoted 55% removal of phenol (3.0 mmol•L-1) from an aqueous solution, which represents a 

higher percentage value when compared to the use of this strain as bioinoculant [27].  



Enzymatic mycoremediation of hydrocarbons is mainly related to the use of laccases that are 

already commercially available [76,77]. Although enzymatic degradation of hydrocarbons is 

more easily carried out in liquid culture compared to the same strains growing in soil, studies of 

enzymatic mycoremediation in soil microcosms have also shown promising results for 

hydrocarbon remediation [78,79]. In summary, higher efficiencies in enzymatic 

mycoremediation are achieved when parameters such as pH, temperature, enzyme loading and 

Eh are properly controlled [75,80]. 

Although fungal laccases show higher Eh than those of bacteria and plants, this potential is still 

low for oxidation of high molecular weight hydrocarbons [81]. Alternatively, mediating 

compounds (natural or synthetic) such as 1-hydroxybenzotriazole (HBT), 2,2′-Azino-bis(3-

ethylbenzthiazoline-6-sulfonic acid) (ABTS), coumaric acid and ferulic acid can be added to the 

reaction medium, which are initially oxidized (by laccase) forming reactive oxygen species 

(ROS) that increase the Eh for oxidation of higher molecular weight hydrocarbons [79,82]. The 

oxidation of ABTS by laccases may be influenced by mediator concentration and water 

availability [75,80]; since greater degradation of benzo[a]pyrene was speculated to occur in 

aqueous solutions than in soil microcosms, both containing ABTS [80]. The practical use of 

enzymatic mediators, however, may be unfeasible due to high costs and possible increase in 

toxicity [78,79]. 

In soils natural phenolic compounds may act as redox mediators for laccases and possibly 

enhance enzymatic degradation of hydrocarbons [83]. However, laccases from Trametes 

versicolor, when adsorbed on natural soil minerals such as Fe and aluminum (Al), decreased 

their enzymatic activity. Catalytic activity however, was increased under acidic conditions [84], 

which exemplifies the impact of parameters in enzymatic mycoremediation. Laccases can also 

have their catalytic activity inhibited or be irreversibly inactivated due to oligomerization of the 

products formed from oxidation of PAHs such as quinone derivatives and phenolic compounds 

via self-coupling reactions [72,73]. Furthermore, enzymatic mycoremediation of solid matrices 

requires a mixing process to promote a great enzyme dispersion (mass transfer), since the 

restricted spatial location of the enzyme may differ with the distribution of contaminants [1,74].  

Several technologies have been proposed to evaluate and/or promote enhancements in 

enzymatic mycoremediation. For example, the use of packed-bed bioreactors and intermittent 

feeding of laccases (every 5 days) achieved higher degradation rates of chrysene (78%) and 

benzo[a]pyrene (35%) in soils within 10 days, while a slowdown of this rate was maintained up 

to 35 days of mycoremediation [75]. In addition, organic solvents and chemical surfactants are 

used to increase the availability of hydrocarbons prior to enzymatic mycoremediation, although 

such chemicals at high concentrations may alter stability or lead to enzyme inhibition [50,80]. 



The conversion of anthracene to anthraquinone reached titers greater than 95% within 12 h 

when the laccases and HBT (mediator) system was added to surfactant Tween 80 [85]. Laccase 

can also cleave C-O and C=C bonds present in the chemical structure of Tween 80 promoting 

the formation of ROS such as RO- and ROO-, which contribute to hydrocarbon degradation 

[85]. 

Some factors such as fate of degraded hydrocarbons, changes in ecotoxicity and soil microbial 

community, are criteria that evaluate the feasibility for practical use of enzymatic 

mycoremediation [35,77]. Laccases from T. versicolor promoted a lower mineralization rate of 

anthracene, benzo[a]anthracene and benzo[a]pyrene in soils compared to disposal of these 

PAHs (covalently bound to organic matter) as non-extractable residues (NER) [76,77]. NERs 

also enable the detoxification of PAHs due to their recalcitrance to breakdown and transport in 

organic matter [86]. Furthermore, the action of these laccases altered bacterial diversity during 

mycoremediation of these soils; and increased the toxicity of those contaminated with 

anthracene, probably due to intermediate metabolites that form from reactions subsequent to the 

initial oxidation of anthracene [76].  

Biotechnological enzyme production with environmental interest presents limitations in terms 

of low productivity and concentration steps [1,46]. The enzymatic mycoremediation also 

present limitations due to financial and technological constraints, since the costs (production-

related, mediators, etc.), operational instability and non-recovery of these enzymes after their 

use hinder large-scale application [49,74]. Thus, alternative substrates for production and 

extraction of laccases [79,87]; protein engineering and computational simulation [88,89]; use of 

natural mediators [90] and enzyme immobilization are strategies developed to overcome such 

limitations [73,82]. 

In this context, laccases extracted from spent mushrooms such as Agaricus bisporus and 

Pleurotus eryngii promoted degradation of anthracene, benzo[a]pyrene and benzo[a]anthracene 

between 66-100% in aqueous solution in 24 h [87]. Laccases from T. versicolor (expressed in 

Pichia pastoris) when rationally engineered (via computational simulation) by modification of 

amino acid residues to have a larger binding pocket, exhibited ability to degrade higher 

molecular weight hydrocarbons compared to non-mutant laccase, even in the absence of 

mediators (additional cost) [88]. Furthermore, immobilization of laccases on Fe3O4 nanospheres 

coated on silica and chitosan (Fe3O4@SiO2-chitosan) promoted the degradation of anthracene 

and benzo[a]pyrene by 81% and 69% in 48 h, respectively; and improved operational stability 

performance [82]. The recovery of these Fe3O4 particles containing laccases in their cores, was 

facilitated through magnetic field; which allowed their reuse, achieving over 50% performance 

for degradation of these PAHs in three catalytic runs [82]. Additionally, the co-immobilization 



of laccase and natural redox mediator (phenolic compounds extracted from soybean meal) on 

Ca-modified chitosan-alginate support promoted a degradation rate of phenanthrene (94%) 

about 20-30% higher than that of free laccase and immobilized laccase beads without mediator 

[90]. Therefore, the aforementioned technologies tend to boost the enzymatic mycoremediation 

due to these improvements in operational conditions, and possible reductions in process costs 

[26,73,79]. 

 

3. FUNGAL MECHANISMS AND METABOLITES FOR TOXIC METALS 
REMEDIATION  

 

Bioinoculant-metal interaction triggers enzymatic and non-enzymatic mechanisms related to 

metal detoxification in fungal cells [91,92]. Fungal exposure to metal promotes oxidative stress 

that induces ROS formation as well as the elimination of thiols (glutathione and cysteine), 

important non-enzymatic antioxidants [91]. Antioxidant enzymes such as catalases, glutathione 

peroxidases and superoxide dismutase are also produced by some strains as a primary defense 

mechanism [93]. The remediation of heavy metals from fungal bioinoculants can occur by 

altering metal mobility via immobilization or solubilization mechanisms, or also via enzymatic 

by reducing metal toxicity due to its transformation from one oxidative or organic complex state 

to another [7,94].  

Fungal bioinoculants can immobilize toxic metals in their biomass by biosorption or 

bioaccumulation mechanisms, as well as by excretion of metabolites such as chelating agents 

and pigments [22,30]. Biosorption does not necessarily depend on an active mechanism, i.e. 

immobilization of the metal can also be achieved by dead fungal cells [7,94]. The potential of 

fungal bioinoculants as biosorbents of metals emerges from the interaction between metals with 

chemical groups such as carboxylate, hydroxyl, amino and phosphate of macromolecules 

(polysaccharides, pigments) that compose their cell wall [25,95]. For instance, chitosan polymer 

produced from deacetylation of chitin extracted from Cunninghamella elegans showed almost 

similar adsorption capacity for Pb2+ and Cu2+ (300 mg•kg-1) in aqueous solutions or 

contaminated soils [96]. Likewise, melanin extracted from Amorphotheca resinae consisting of 

indole-based functional groups showed capacity for biosorption of Cu2+, Pb2+, Cd2+ and Zn2+ in 

aqueous solutions, as well as constant adsorption/desorption capacity for five cycles [30]. 

Biosorption mechanisms therefore, can involve ion exchange, adsorption, electrostatic 

interaction, complexation and precipitation processes [97,98]. In turn, these are highly 

dependent on parameters such as pH, metal ion concentration and biomass, as biomasses with 

strong negative charge can adsorb metal ions [99]. Additionally, metal immobilization can also 



occur through its biomineralization, when it forms metal-metabolite complexes with 

precipitating agents produced by fungal bioinoculants, e.g. oxalic acid produced by 

Phanerochaete chrysosporium under metal stress promoted metal detoxification by 

immobilizing soluble metal ions as metal oxalate crystals [100]. 

Bioaccumulation process depends on the toxicokinetics and sensitivity of the bioinoculant to 

absorb the metal in its structure, which may require a longer time for remediation compared to 

biosorption [94,95]. It is speculated that metal bioaccumulation may occur via a mechanism 

similar to the influx of metabolically important ions such as Mg+2, K+ and Na+ into the fungal 

cells [7]. Some fungi immobilize toxic metals via intracellular peptides such as glutathione, 

phytochelatin and metallothionein, as these chelating peptides have conserved cysteine residues 

that allow the formation of metal-thiolate clusters [101]. Bioinoculants composed by AMF, 

besides the synergistic contribution with plant roots, can carry out bioaccumulation and 

phytostabilization of metals present in the rhizosphere due to the internalization of metals in 

their structures (vacuole, cell wall) [36,102]. The main advantage of fungal bioinoculants to 

accumulate metals is related to their active metabolism that allows their reproductive capacity 

and modification of the cell surface to absorb them. However, their subsequent recovery is 

limited due to their internal compartmentalization or precipitation [95,103]. Several mushrooms 

(edible, inedible and poisonous) are also bioaccumulators of toxic metals, since different metal 

concentrations can be accumulated along their fruiting bodies (stipe, cap), which depends on the 

physiology of each species [21,104]. In particular, wild edible mushrooms pose a risk to human 

health due to their high potential for toxic metal accumulation [104].  

Bioinoculants composed of Glomus versiforme or Rhizophagus irregularis can alter the 

mobility of metal present in rhizospheres by phytoextraction as they assist metal-plant 

translocation [36,102]. Metal mobility can also be altered by the action of fungal metabolites 

such as organic acids, biosurfactants and siderophores (hydroxamates), which promote metal 

solubilization and sorption/desorption processes [51,92,105]. Although the acid bioleaching by 

Aspergillus niger or Cladosporium halotolerans showed promising results for removal of metals 

such as Pb+2, Zn+2 or Mn+2 in aqueous solutions, the leaching of sediments can be a source of 

natural contamination due to the release (solubilization) of metals present in its composition 

[92,106]. Siderophores increase bioavailability of metals in soils as a mechanism to facilitate 

Fe+2 uptake, which also promotes solubilization of toxic metals [105]. 

Fungal bioinoculants can carry out oxidation/reduction reactions that biotransform toxic metals 

into their more stable, less toxic and volatile speciation. These reactions involve the linkage of 

methyl or alkyl groups through enzymatic mechanisms, which promotes biovolatilization of the 

metal in its surrounding environment [59,95,107]. However, toxic metals can affect biochemical 



mechanisms involved in their detoxification, as they can replace appropriate metal cofactors for 

enzyme catalysis [108]. In general, less focus has been placed on enzymatic mechanisms in 

toxic metal remediation, since metals are not decomposed into intermediate metabolites such as 

petroleum hydrocarbons [91,92]. Laccases from T. versicolor, using ABTS, promoted the 

removal of Fe and Al contained in contaminated soils respectively by 90% and 99% within 35 

days [75]. 

 

4. FUNGAL BIOSURFACTANTS: THE MULTIFUNCTIONAL MOLECULES  

 

Chemical surfactants are used to increase the availability and mobility of hydrocarbons and 

toxic metals strongly associated with non-polar domains of soil (i.e., organic matter and 

micropores), and this promotes better conditions for subsequent remediation of these 

contaminants [39,51]. Although the combination of chemical surfactants with fungal 

bioinoculants has promoted better performance in mycoremediation, high concentrations of 

surfactants can decrease the biotic potential of native soil microbiota [50,109]. These chemicals 

may also concomitantly cause another environmental problem due to their toxicity and retention 

in the soil matrix [45,51]. Thus, fungal biosurfactants or biosurfactant-producing fungal 

bioinoculants are ecological alternatives to reduce environmental toxicity, since fungal 

metabolism is induced to produce such amphiphilic molecules when the strain is exposed to 

hydrocarbons [110–112]. The main physicochemical properties of biosurfactants for 

environmental remediation are related to the reduction of surface/interfacial tension and 

increase of surface area in different fluid phases, which results in better mobility, solubility, 

emulsification and bioavailability of contaminants [109,113]. 

Fungal biosurfactants are directly related to the mechanisms for contaminant absorption by 

bioinoculants. These molecules can favor hydrocarbons uptake even if the fungal hyphae do not 

directly touch the contaminant. This fact was demonstrated in a microsystem with Talaromyces 

helicus (biosurfactant producer) and benzo[a]pyrene which were introduced in separate 

compartments, and even so there was PAH uptake by the fungal strain [24]. Biosurfactants 

interact with the fungal cell surface through its hydrophilic moiety, which exposes its 

hydrophobic moiety to the outside and increases the hydrophobicity of the cell surface for 

contaminant permeation [45]. Similarly, fungal exopolysaccharides interconnect individual cells 

into a complex mass tangle when these are produced by the strain and/or adhered to its cell wall, 

which facilitates hydrocarbon uptake [114].  



The action of biosurfactants as agents for mobilization of hydrocarbons depends on its Critical 

Micelle Concentration (CMC), since that at concentrations below CMC there is a reduction of 

the interfacial force between soil and oil, facilitating diffusion [113]. On the other hand, at 

concentrations above CMC, aggregated structures are formed as micelles due to its self-

assembly property [54,115]. In this context, micelles promote solubilization of hydrocarbons 

(incorporation), while hydrophilic groups are directed to the surface, i.e., the hydrophobic 

contaminant is coated by a hydrophilic surface [54,115]. However, higher efficiency process is 

achieved at higher concentrations compared to CMC, since at lower concentrations surfactants 

may be degraded or lost on adsorption to the soil [50].  

The interaction performance between fungal biosurfactants and toxic metals depends on the 

chemical structure and ionic charge of the molecule. Biosurfactants can have heteroatoms 

and/or functional groups (such as carboxyl, hydroxyl and amino) in their structure that by Van 

der Waals electrostatic interaction form metal-biosurfactant complexes with toxic metal ions 

[51,116]. Biosurfactants self-assembled as micelles can also interact with oppositely charged 

metals, which increases the solubility and mobility of the metal and hence its availability 

[113,117]. Anionic biosurfactants have a strong chelating action for cationic metal ions, while 

cationic biosurfactants for anionic metal ions [51]. Some cationic biosurfactants are toxic to 

microorganisms and inhibitory to the biodegradation process even at low concentrations [118]. 

Non-ionic surfactants exhibit lower CMC values and higher stability in the presence of 

electrolytes and divalent cations than ionic surfactants, which may require lower surfactant 

concentrations in the process. However, high adsorption of non-ionic surfactants on soil 

particles may result in their lower availability [50].  

Fungal biosurfactants are molecules with versatile chemical structures, which influence their 

molecular weight and physicochemical properties. These molecules are composed of 

polysaccharides, lipids and/or proteins conjugates [45]. Sophorolipids (SL), mannosylerythritol 

lipids (MEL), polyol lipids (PL), hydrophobins and glomalin are the classes of fungal 

biosurfactant reported with potential for hydrocarbons or toxic metals remediation [45,119,120]. 

However, SL have attracted more attention for such purpose probably due to the fact that they 

are more commercially available [47,48]. In sum, fungal biosurfactants present functional 

stability even in adverse conditions (temperature, pH, salinity), i.e., they maximize the possible 

places to be applied and maintain surfactant action even at suboptimal conditions [28,51].  

According to the literature, biosurfactants should be able to reduce water surface tension from 

72 mN•m-1 to values lower than 35 mN•m-1 [45]; surfactin (bacterial surfactant) presents values 

close to 28 mN•m-1 [121]. SL, MEL and PL produced respectively by Meyerozyma sp., 

Ceriporia lacerate and Rhodotorula paludigena, showed surface tension reduction between 31-



33 mN•m-1, and emulsification index for hydrocarbons between 77-84%; which corroborates the 

potential of these biosurfactants for environmental remediation [122–124]. Hydrophobins and 

glomalin are hydrophobic proteins with surfactant and chelating action [120,125]. Hydrophobin 

production has been speculated to alter the cellular hydrophobicity of Aspergillus brasiliensis 

during hexadecane uptake [32]. Overexpression of genes encoding hydrophobins during 

cultivation of Trichoderma harzianum in mercury-containing medium has also been reported to 

facilitate bioaccumulation of the metal [120]. Glomalin is produced by AMF, and acts in the 

maintenance of soil properties (particle aggregation and stability) [119]. This protein showed 

ability to immobilize Zn+2 and Pb+2 in aqueous solutions [126], and to reduce phenanthrene 

adsorption in soil (increasing bioavailability for remediation) [125]. 

 

4.1 Adjuvants for biostimulation and bioaugmentation processes  

 

Fungal biosurfactants are adjuvants that can enhance biostimulation and/or bioaugmentation 

processes. A schematic chart on strategies for the use of fungal biosurfactants in remediation of 

soils contaminated with petroleum hydrocarbons is presented in Figure 5. The addition of 

biosurfactants increases the availability of the contaminant, which promotes its subsequent 

assimilation/degradation by the autochthonous microbial community (biostimulation) (Fig. 5-a) 

[109,127]. Fungal biosurfactants can also be assimilated as substrates for autochthonous 

microbiota [47]. On the other hand, the addition of biosurfactant-producing fungal bioinoculants 

compatible with native soil microbial communities can maximize remediation efficiency 

(bioaugmentation) (Fig. 5-b). Combining the use of biosurfactants and bioinoculants can 

minimize the microbial load (inoculum size) required in the mycoremediation process and 

achieve similar results [109,118]. Furthermore, it is assumed that fungal biosurfactants in 

biostimulation/bioaugmentation processes increase bioavailability of substrates due to 

solubilization of organic matter, which can stimulate fungal growth. However, surfactant 

concentration may also influence the activity of enzymes involved in the process [50]. 

Fig. 5. Fungal biosurfactants can be added with micro- and macro nutrients for biostimulation (a) of autochthonous fungi involved 
in remediation, while the addition of fungal bioinoculants (autochthonous or allochthonous) that produce biosurfactant can increase 
efficiency due to microbial bioaugmentation (b). Fungal biosurfactants can also be added to washing solutions to facilitate 
contaminant desorption/solubilization, and achieve higher removal rates (c)  

 

Mannoproteins produced by Saccharomyces cerevisiae promoted a two-fold higher degradation 

of soy biodiesel when added to unsterilized contaminated soils compared to sterilized soils, i.e., 

the biosurfactant potentiated the biostimulation process [128]. The use of biosurfactants 

produced by Candida sphaerica [39] and Starmerella bombicola [23] combined to processes of 

biostimulation with sugarcane molasses and bioaugmentation with their respective producing 



yeast, besides reducing the time required to reach the same level of degradation in these 

processes without biosurfactant, also promoted the degradation of 50% and 88% of motor oil in 

sand, respectively [23,39]. Moreover, bioaugmentation processes applied to soils contaminated 

with biodiesel (20%) by inoculation (10%) of A. niger in solid fermented medium (containing 

biosurfactants and lipases) promoted a 10% higher degradation compared with natural 

attenuation process within 60 days duration [129].  

 

4.2 Adjuvants for washing processes 
 

Soil washing processes containing surfactants even at concentrations below their CMC 

increases the solubility of hydrocarbons and toxic metals (Fig. 5-c) [130,131]. Application of 

surfactant-containing wash solutions can be carried out by techniques including flooding, basin 

infiltration system, infiltration well, and leach field [50]. Biosurfactants increase the transfer of 

the contaminant to the aqueous phase. They reduce the adhesion between the contaminant and 

the soil matrix, as well as contaminant viscosity [28,109]. SL, when added to washing solutions, 

increase the capacity for Fe, Cu and As removal compared to water alone [132], as well as show 

superior potential to synthetic surfactants (sodium dodecyl sulfate and Tween 80) for Cd and Pb 

removal during soil washing [133].  

Biosurfactants from C. sphaerica, C. tropicalis and Rhizopus arrhizus, when applied to 

artificially contaminated sand, were effective in removing adsorbed engine oil (65%), petroleum 

(78%) and diesel oil (79.45%), respectively [134–136]. Likewise, SL produced by S. bombicola 

showed superior results (68%) when compared to the chemical surfactant Triton-X (38%) for 

the removal of kerosene (C10 - C40) from a contaminated soil [130]. The performance of washing 

soils with SL in packed columns depends on the granulometry, porosity and permeability of 

soils, since the removal of motor oil in sandy soil and beach sand was approximately 3 and 4-

fold higher than in silt and clay soil, respectively, due to a better mass transfer during 

percolation of the washing solution [23]. 

Toxic metal removal from soils by washing can be enhanced with prior speciation of 

components, shapes or phases, in which the metallic elements occur [137]. Metals in 

exchangeable hydroxides state, carbonates and reducible oxides are more easily removed, unlike 

residual fractions, during the washing process [117]. Soil washing processes do not necessarily 

require highly purified biosurfactants, those produced by a Y. lipolytica removed 30-40% Cu 

and Pb in artificially contaminated sand, while the same purified ones also removed 

approximately 30% [116].  



The washing of soils contaminated with toxic metals can have its performance influenced by the 

chemical composition and concentration of biosurfactant, temperature [132,133] and the use of 

other adjuncts such as acids and bases [131]. Acidic SL produced by S. bombicola at 8% 

concentration when added to washing solutions promoted removal of Cd (83%) and Pb (45%) in 

artificially contaminated soils. However, due to their lower water solubility, lactonic SL at 1% 

concentration promoted lower removal of Cd (10%) and Pb (4%) in these soils [133]. 

Biosurfactants from C. sphaerica were superior to chemicals used in acid and basic leaching for 

the removal of Pb (70%), Fe (89%) and Zn (87%) from contaminated soils, even at 

concentrations lower than the CMC [131]. The temperature of the wash solution containing 

acidic and lactonic SL when increased from 15 to 23°C also increased the removal of arsenic by 

11%, but this potential was decreased by 22% when the temperature was increased from 23 to 

35 °C, probably due to changes in properties involving metal-biosurfactant interaction [132].  

 

 
5 SELECTION OF FUNGAL BIOINOCULANTS AND/OR METABOLITES FOR 

REMEDIATION 
 
 

The convergence between the premises that nature still has under-exploited resources and fungi 

have a ubiquitous habitat is the driving force for bioprocesses development aimed at exploiting 

biodiversity through bioprospecting technologies, which involves the isolation and screening of 

potential bioinoculants and/or metabolites for environmental remediation. The isolation of 

fungal strains can promote the discovery of new species or species not yet described for 

mycoremediation, as well as promote the domestication of these isolates for use in bioprocesses 

related to the production/application of bioinoculants and metabolites for environmental 

remediation [138,139]. Although extreme environments such as cold [140], saline and marine 

(high pressure and depth) [31,141] have been resource to isolate potential fungal bioinoculants 

and metabolites for remediation of hydrocarbons and toxic metals, these environments are under 

explored compared to contaminated soils and mine tailings [17,92].  

It is not a fallacy to report that technologies related to bioprospecting and screening of 

bioinoculants, and metabolites are exhaustive and tiresome similar to the route of a treasure 

map, but these technologies give accessibility to find possible fungal treasures to be used in 

bioprocesses focused on environmental remediation. Thus, the development of methodologies to 

reach such treasures is based on consolidated scientific methods and on the current scientific 

and technological progress to provide technologies related to the bioprospecting of fungal 



strains in order to effectively isolate and screen a larger number of strains and present them in 

environmental remediation strategies. 

5.1 Isolation, the first step towards unveiling hidden potential 

Although contaminated environments can promote a toxic effect on the local microbiota, they 

can also promote an enriching effect to isolate more resistant autochthonous fungi than 

allochthonous ones to be used in remediation of hydrocarbons and toxic metals [142–144]. 

Fungi thrive in contaminated environments as their metabolic pathways are modulated to 

respond to both the nutrient and the stress state (e.g., presence of contaminants) in order to 

efficiently allocate energy from constitutive to conditional expression [68]. Thus, enrichment of 

soils (contaminated or not) with hydrocarbons or toxic metals; and/or with micro and 

macronutrients for a period of time before isolation may promote greater chances of selecting 

potential fungi able to assimilate/interact with contaminants or produce metabolites [17,144]. 

This statement is true considering that fungal metabolism is induced to produce enzymes and/or 

biosurfactants under such conditions for the strain to thrive in the nutrient medium (with or 

without a specific contaminant) [110,111]. The fungal biodiversity, when explored through 

cultivation-dependent techniques, results in a practically "negligible" number of recovered 

individuals in comparison to the real "hidden community" that thrives there, since some 

microbial strains may be neglected because they are not cultivable under laboratory conditions 

and/or require selective technologies to promote appropriate conditions for their isolation 

[145,146]. These selective technologies can be based on aspects related to cellular composition 

(cellular hydrophobicity) or microbial metabolism (growth rate) to promote a targeted isolation 

of fungal strains that potentially interact with contaminants or that would be presumably hidden 

[146,147]. For example, the mineral oil flotation technique may preferentially select the 

isolation of fungal strains with a hydrophobic surface (assimilate hydrocarbons by passive 

mechanism), as these strains tend to concentrate at the oil/salt solution interface due to the 

hydrophobicity of their cell wall [147]. Moreover, microbial exposure to the atmosphere of 

aromatic compounds selects fungi that are resistant to the toxic gases, as well as prevents 

possible slow-growing, low-competitive bioinoculants from being overlooked due to the rapid 

growth of other fungal strains during isolation [146].  

 

5.2 Screening/Bioprospecting  

 

After isolation, the selection of possible bioinoculants and/or metabolites are screened from 

technologies that may involve colorimetric, gravimetric, respirometric, chromatographic, 

spectroscopic, enzymatic and/or tensiometric analysis [44,56,139]. However, screening a high 



number of fungal isolates requires simple, fast, inexpensive, and most importantly accurate and 

reproducible techniques for all of them [148,149]. The main qualitative and quantitative 

methods for screening potential fungi to be applied in hydrocarbon remediation are based on the 

growth of strains in specific media, both solid and liquid, to analyze their ability to assimilate 

the contaminant and/or ability to produce enzymes or biosurfactants [41,43,111]. The 

combination of screening techniques provides a more accurate answer on the selection of fungi 

for bioprocesses focused on environmental remediation, since each individual technique has 

different sensitivity and coverage, which may overlook some potential strains if not selected by 

a specific method [44,144,147]. For example, solid media are more susceptible to false-positive 

results for metabolite screening and may limit mass transfer of metabolite in the media [45].  

In this context, solid media containing hydrocarbons are commonly used for an initial screening 

of strains able to resist or tolerate contaminants [17,150]. Colorimetric tests such as phenolic 

oxidation (gallic acid, tannic acid, guaiacol) and Remazol Brilliant Blue R (RBBR) 

decolorization are used to qualitatively screen fungi that degrade hydrocarbons [149]. The 

phenolic oxidation test analyses the excretion of phenol oxidases, which results in the formation 

of a brown halo around the mycelium [44,149]. The ability of the fungus to decolorize RBBR is 

due to its metabolism in excreting enzymes (principally laccases) involved in the degradation of 

aromatic contaminants, which promotes decolorization from blue to yellowish white [44]. 

Regarding the bioprospecting of biosurfactant-producing fungi, the screening can be carried out 

by colorimetric methods such as blood hemolysis and methylene blue - 

cetyltrimethylammonium bromide (CTAB) that involves the excretion of this metabolite in solid 

culture media [45].  

In liquid culture media, screening of strains for degradation/assimilation of hydrocarbons 

commonly occurs by simple tests such as gravimetric analysis of the degraded contaminant 

[17], profile for enzyme and biosurfactant production, and biomass dry weight [17,56]. The 2,6-

dichlorophenol indophenol (DCPIP) is an indicator (redox dye) that analyses excretion of oxide-

reductases by fungal strains in the presence of hydrocarbons [43,151]. DCPIP in its oxidized 

form shows a blue color, which becomes colorless when this indicator is reduced by oxido-

reductases during hydrocarbon biodegradation [17,43,56]. Tensiometric analysis and/or 

emulsification index of liquid culture supernatants of fungal strains provides more accurate 

results than colorimetric analysis for screening fungi producing biosurfactants, as these 

technologies allow the measurement of surface tension and/or ability to emulsify hydrocarbons 

[45,111,139]. 

The measurement of the fungal dry biomass weight after its growth in liquid medium containing 

hydrocarbons allows estimating which strains can better assimilate or degrade contaminants, as 



well as which chemical structure profiles the strain has more capacity to degrade [17,138]. It is 

roughly believed that fungal dry biomass weight reveals the ability of the fungus to convert 

hydrocarbon into energy to produce biomass, even if not all carbon source was targeted for such 

purpose [151,152]. This dry biomass method is analogous to the gravimetric method for 

screening fungal bioinoculants that assimilate hydrocarbons in liquid media. However, the 

difference between these technologies is related to the biomass or contaminant that will be 

measured in the final screening step [33,141]. Additionally, fungal biomass can have the 

hydrophobicity of its cell surface measured to correlate with its potential to produce 

biosurfactants and absorb hydrocarbons [110,153]. 

Other quantitative methods, such as gas chromatography (GC) and respirometry, are less used to 

screen fungal isolates as possible bioinoculants for hydrocarbon remediation [56,61]. Although 

GC provides accurate information on the conformational changes in hydrocarbon structure after 

mycoremediation, this technology is still expensive for screening processes [61]. The 

respirometry technique can screen fungi by quantifying CO2 produced by the strain during 

mycoremediation, its main product generated when hydrocarbons are mineralized by aerobic 

degradation [56,154]. 

The screening of possible fungal bioinoculants for the remediation of toxic metals also occurs 

from the growth of strains in liquid or solid culture media containing toxic metals to initially 

measure the tolerance of strains to metals through analysis of minimum inhibitory concentration 

(MIC) [55,155]. However, only more robust and sophisticated techniques such as atomic 

absorption spectrometry (AAS) can quantify metal removal, as well as elucidate the type of 

strain-metal interaction [25,144]. 

 

6 MOLECULAR APPROACHES: THE KEY TO UNRAVELLING ANSWERS AND 
EXTRAPOLATING RESULTS 

 

It is conceivable that fungal strains have evolved in the direction of ecological fitness rather 

than biotechnological efficacy, i.e., bioengineering of strains is a prerequisite for increasing the 

metabolic efficiency in mycoremediation [58]. DNA decoding of fungal strains and other 

molecular approaches will certainly be needed in every mycoremediation process that involves 

bioprospecting or attempts to propose degradation steps, elucidate regulatory mechanisms, 

monitor microbial profile, enhance strains for productivity increases, etc. There was a gap of 20 

years between the use of fungal bioinoculants to the proper use of their metabolites for 

mycoremediation, as more attention was paid to this purpose after the sudden accelerated 

expansion of molecular techniques. Currently, -omics technologies are technological resources 



for expanding molecular approaches in the development of bioinoculants and metabolites for 

remediation of hydrocarbons and toxic metals, as well as for understanding microbial 

interaction on contaminated sites or during remediation.  

6.1. Molecular characterization and microbial monitoring techniques 

Fungal isolates with potential to be used in mycoremediation can also be potentially 

opportunistic pathogens or be closely related at molecular level to plant, animal and/or human 

pathogens; e.g., Fusarium oxysporum and Paecilomyces variotii. This fact promotes biological 

risk due to virulence factors and spore respiration in bioaerosols [4,141]. Any fungal bioprocess 

must meet biosafety criteria. Thus, morphological and molecular identification of the isolate is 

essential to previously verify its pathogenic potential before proceeding with its use in 

mycoremediation [4,156]. However, a single fungus isolated from a contaminated environment 

can show large morphological differences, since these variations can be due to mutations caused 

by the high concentration of contaminants and broad resistance/tolerance mechanisms that apply 

to each isolate [157,158]. Therefore, the fungal strain should preferably be identified from its 

gene sequence through the Internal Transcript Spacer (ITS) region and, if necessary, other genes 

could be used, such as beta tubulin, actin, elongation factor [6,33]. The results are compared 

with similar type strains of different species within the genus through multiple sequence 

alignment, ensuring correct taxonomic identification [53,58].  

Several PCR-based fingerprinting genotyping techniques are available to profile fungal isolates, 

as well as to monitor diversity and abundance of microbial communities and bioinoculant 

survival during mycoremediation [159,160]. In synthesis, these technologies are related to 

denaturing gradient gel electrophoresis (DGGE) [41,160], fluorescence in situ hybridization 

(FISH) [161] and terminal restriction fragment length polymorphism (T-RFLP) analysis [159]. 

Quantitative PCR (qPCR) has been used to quantify bacterial (16S) and fungal (ITS) genes as 

indicative of microbial abundance, monitor catabolic activity and gene expression during 

mycoremediation [6,40,44]. Moreover, DNA microarray technique has identified genes 

regulated in response to exposure to high concentrations of toxic metals [162].  

6.2 Genetic engineering and heterologous production 

Advances in technologies related to fungal genome sequencing have been a shortcut to achieve 

improvements in bioprospecting for potential bioinoculants, enzymes and biosurfactants 

through data mining as well as to infer functions of genes involved in hydrocarbon degradation 

[45,161,163]. For example, the screening of bioinoculants that degrade aromatic hydrocarbons 

can be carried out from the search of sequences encoding the C23O (catechol 2,3-dioxygenase) 

gene [161]. Furthermore, silencing of the CYP52L1 gene (CYPs family) by post-transcriptional 



gene silencing (RNAi) in Graphium sp. showed that the reduced monooxygenase activity, as 

well as the ability of this fungus to grow on alkanes and ethers was extinguished [163].  

The elucidation of catabolic genes related to hydrocarbon or heavy metal remediation allows 

designing fungal strains of higher performance due to the possibility of 

recombination/expression of these genes in another/single host [26,160,164]. Although post-

translational modifications during the processing of phenol oxidases are more effectively carried 

out by native lignolytic fungi than in host microorganisms, several host fungi have shown 

promising results in heterologous production of these enzymes for mycoremediation [89,165]. 

Genes encoding for laccases from the basidiomycete Trametes sp. were expressed in 

ascomycete hosts such as A. niger [166], Trichoderma atroviride [167], Y. lipolytica, S. 

cerevisiae and P. pastoris [165]. The bioinoculant A. niger genetically engineered for 

expression of genes encoding lignin peroxidase and manganese peroxidase from P. 

chrysosporium enhanced the degradation of phenanthrene, pyrene and benzo[a]pyrene in soil 

microcosms [160]. The yield of recombinant thermophilic tyrosinase from Thermothelomyces 

thermophila was increased 2-fold when this enzyme was cloned and expressed in P. pastoris 

rather than in other microbial cells [168].  

Insertion and/or deletion of some genes of specific interest in host strains enhance 

mycormediation processes. For example, increasing the active site of the non-lignolytic enzyme 

CYP63A2, among other CYP family enzymes, was achieved by expressing CYPs together with 

cytochrome P450 reductases from P. chrysosporium into P. pastoris, which promoted the 

oxidation of different contaminants such as PAHs, alkylphenols and long-chain alkanes [169]. 

Similarly, the insertion of the lipase gene PaLIPAp from Pseudozyma antarctica T-34 into 

Pseudozyma tsukubaensi increased the uptake of oily contaminants, besides promoting a 1.7-

fold yield of MEL production [26], a biosurfactant that has already been regarded as promising 

for mycoremediation [45]. Furthermore, the insertion of the metallothionein gene PtMT2b from 

Populus trichocarpa into S. cerevisiae increased approximately 10-fold the tolerance and 

bioaccumulation of Cd when compared to its wild counterparts [164]. Additionally, the deletion 

of the crpA gene (P-type ATPase) in Aspegillus nidulans increased Cd biosorption capacity by 

2.7-fold [170]. 

6.3 The “-omics” technology  

Several complete or near complete genomic sequences of culturable microorganisms with 

potential in mycoremediation are available in online databases, as well as sequences of catabolic 

genes also involved in such processes [1,58]. However, it is estimated that a 99% gene pool of 

microbial diversity remains unknown due to limitations of culture-dependent techniques 

[145,171].  



In this context, genomic approaches of fungal isolates allow access to the possible metabolic 

pathways related to enzyme and biosurfactant production [31,45]. For instance, the whole 

genomic analysis of A. sydowii allowed deducing possible enzymatic pathways of hydrocarbon 

degradation when combined with GC-MS, and revealed a variety of genes involved in the 

biodegradation of aromatics, such as monooxygenases, dioxygenases, glutathione transport 

system, peroxidases and semialdehyde dehydrogenase [31].  

On the other hand, metagenomic approaches allow elucidating the microbial interaction at the 

contaminated site or during mycoremediation without the need for microbial cultivation 

[58,145]. Metagenomic analysis of total DNA from contaminated environmental samples allows 

the screening of metabolite-producing fungi applied to remediation through genomic data 

mining or functional screening of specific genes [172,173]. However, metagenomic studies on 

fungi remain sparsely explored, and the results of annotated sequences for eukaryotes is much 

lower than for bacteria [173]. For instance, functional metagenomic analysis of petroleum 

contaminated soils when bioaugmented with Ciboria sp. revealed synergy between fungal 

bioinoculant and different taxa of hydrocarbonoclastic bacteria (Streptomyces, Nocardoides, 

Pseudonocardia, Solirubrobacter, Parvibaculum, Rhodanobacter, Luteiomonas, 

Planomicrobium and Bacillus spp.) during contaminant degradation [138]. A metagenomics 

study also revealed that the fungal community possibly involved in PAHs remediation, differed 

by approximately 30% between soils collected at 0.5-meter (m) distance from oil wells 

compared to those collected at 3 m [119]. Furthermore, the genera Tetracladium, Exophiala, 

Schizothecium and Ilyonectria identified in samples collected at 0.5 m, showed strong 

correlation with PAH content, which classifies them as potential bioinoculants for 

mycoremediation [119].  

Transcriptomic (mRNA profile), proteomic (proteins) and metabolomic (metabolites) analyses 

elucidate changes in the composition, regulation (up-regulated or down-regulated) and 

abundance of differentially expressed genes, proteins and metabolites under a given 

environmental/specific condition [53,174,175]. These omics technologies provide important 

information to maximize performance in using fungal bioproducts to remediate hydrocarbons 

and toxic metals [53,174,175].  

The transcriptional response of Y. lipolytica after exposure to uranium (50 µM) revealed the 

expression of 33 upregulated genes, which are involved in metal transport, DNA repair and 

oxidative stress response, as well as another 23 downregulated genes, which are involved in cell 

wall and cell cycle [174]. Through transcriptomic analysis, the differential expression of the 

chloroperoxidase enzyme-related cpo gene, not previously described for PAH degradation, was 

identified during benzo[a]pyrene degradation under hypersaline conditions by A. sydowii [53]. 



Furthermore, enzymatic mechanisms involving mitochondria membrane-bound enzymes 

(CYPs, dehydrogenases, quinone reductases) and cytosol-soluble enzymes (dioxygenase, 

glutathione transferase) for PAHs degradation by A. sydowii were proposed through a 

combination of transcriptomics and metabolomics [53]. 

Recently, proteomic analysis allowed the elucidation of n-hexadecane transmembrane transport 

mechanisms in C. tropicalis, since the 231 proteins differentially expressed by this strain are 

clearly enriched in endocytosis and phagosome pathways, as well as probable involvement in 

the energetic metabolism of the strain [175]. Metabolomics analysis detected intermediate 

metabolites such as hydroxy naphthoic acid and catechol synthesized from oxidation of 

phenanthrene and benzo[a]pyrene by A. sydowii, as well as allowed the prediction that 

degradation of these contaminants occurred in approximately 10 days, since no aromatic 

metabolite was detected in samples taken after this period [53]. 

 

7  BIOPROCESS ENGINEERING TO BOOST MYCOREMEDIATION: AN 
OVERVIEW OF BIOPROCESSING 

 

The use of technologies integrated with engineering principles and appropriate maintenance of 

requirements related to bioprocessing involved in production or application of bioproducts will 

probably promote more and more possibilities for consolidation of mycoremediation. 

Bioprocess engineering and its technologies investigate and/or enhance the performance of steps 

related to the development of bioinoculants and fungal metabolites in order to ensure efficiency 

in production, application and ecotoxicological safety [41,176].  

Fungal bioprocesses for the production or application of bioinoculants and metabolites for 

remediation of hydrocarbons and toxic metals present an attribute of alterity. Thus, although 

there are intrinsic particularities related to the production process, as type of cultivation 

(submerged, semi-solid or solid), or issues related to the application, as type of site (soil, sludge, 

or water), these bioprocesses also present similarities related to subjects like the influence of 

nutrition and environmental parameters, complexity of each step along the process, 

physiological state, and metabolism of the inoculum [45,46]. Alternatively, experimental 

designs combined with statistical tools such as response surface methodology has allowed to 

select/evaluate optimal operating conditions (e.g. inoculum size, pH, etc.) and interaction 

between nutritional and environmental parameters to enhance the performance of fungal 

bioinoculants and/or metabolite production for mycoremediation [144,177]. However, although 

technologies related to batch, fed-batch and semi-continuous cultivation systems promote yield 

or efficiency enhancements in bioinoculant or metabolite production, the use of these 



technologies for application in mycoremediation is still under-explored probably due to 

practical limitations [75]. 

In this topic, technologies developed for production and application of bioinoculants, enzymes 

and biosurfactants for remediation of hydrocarbons, and for toxic metals will be approached. 

Those related to bioprocessing for production of enzymes and biosurfactants will be presented 

only when these metabolites were produced exclusively for remediation purposes.  

If the reader is interested in the large-scale bioprocessing of fungal surfactants and enzymes, 

these have been described in detail by da Silva [45] and Fasim [46], respectively.  

 

7.1 Inoculum as bioinoculant product 
 

The inoculum is the active portion of the microorganism used in remediation processes. When 

the inoculum is the bioproduct to be used, this is termed bioinoculant. Thus, the inoculum is the 

main promoting agent or product for mycoremediation, therefore its efficiency is essential to 

achieve better performances [138,178]. On a laboratory scale, mycoremediation requires the use 

of a standardized inoculum, especially when the aim is to evaluate efficiency after remediation. 

The initial steps involved in fungal inoculum preparation include strain growth in solid medium 

and its sequential growth in liquid medium [28,179]. After recovery of fungal biomass 

(inoculum), washing steps with water [180], saline solution [138] and buffer solution [181] can 

be carried out to standardize the inoculum.  

As a rule of thumb, filamentous bioinoculants are generally used at a cell concentration ranging 

from 104 to 108 spores • [mL or g]-1 [179,182]. Yeast bioinoculants are quantified indirectly by 

optical density of the culture medium, and an absorbance between 0.6 and 1.0 (at 600 nm) is 

indicated for better process performance [19,128]. Modulation of inoculum size for bioinoculant 

application or metabolite production ranges from 5 to 10% of the total process volume [27,28]. 

A 7- and 5-fold increase in the inoculum size of Ciboria sp. and Mucor hiemalis increased oil 

degradation in soils by 27% [138] and biosurfactant production by 560% [28], respectively. In 

general, a practical application of fungal bioaugmentation will certainly require a greater 

inoculum amount than under controlled conditions, which would aim to minimize effects of 

microbial competition and ensure their development under adverse conditions [60,118]. 

In this context, alternative technologies for preparation/use of bioinoculants have been 

developed in uncontrolled conditions that resemble the real environment of an application, 

and/or in conditions that can induce the fungal metabolism to increase its performance before 

the beginning of mycoremediation [32,178]. For example, the bioinoculant Pleurotus ostreatus, 



when previously submitted to an acclimation treatment in lignocellulosic biomass, promoted 

greater efficiency in diesel degradation after its inoculation in soil [178]. Regarding metabolites 

production, the application of an electric field to the developing inoculum (spores) of A. 

brasiliensis increased the bioemulsifier production (19.5%) applied to PAH and aliphatic 

remediation [32].  

Morphological structures of fungal bioinoculants directly influence mycoremediation. Various 

fungal structures such as spores, mycelia, pellets and/or fruiting bodies of mushrooms were 

analyzed for remediation of PAHs and metals in soils [21,183]. Mycelial inoculation promoted 

higher degradation rates of PAH compared to the use of spores of Coniothyrium sp. (26.5%) and 

Fusarium sp. (27.5%) [182]. The use of mycelium from Bjerkandera adusta increased PAH 

degradation by up to 29% when compared to the use of pellets, probably due to higher oxygen 

transfer [183]. Similarly, the inoculum of Aspergillus ochraceus with concentration at 1% (m•v-

1) in its fresh mycelium state (v•v-1) showed higher performance (13%) compared to its spores at 

5% (v•v-1) for oil degradation in liquid culture [184]. Fungal bioinoculants of Galerina 

vittiformis showed approximately 4-fold higher bioaccumulation capacity of Cd+2, Cu+2, Cr+6, 

Pb+2 and Zn+2 in its fruiting body state than in its mycelium, i.e. fungi that form fruiting bodies 

may also have an advantage as they are easily separated from soil [21].  

There are implications related to fungal morphology in bioprocesses for environmental 

remediation, which directly influences the process and can presume its best morphological 

structure for specific application conditions [21,184]. In this sense, dimorphic fungi (e.g., black 

fungi) in their filamentous structure may be more viable to be applied as bioinoculants, because 

hyphae can penetrate into the contaminated soil matrix pores, which allows greater accessibility 

and permeation to contaminants between different regions of the mycelium and through the air 

[101,182]. On the other hand, dimorphic fungi in their yeast-like form may be more viable to be 

applied in bioprocesses as producers of metabolites to be applied in mycoremediation, because 

the yeast morphology facilitates biomass recovery [185].  

Although bioinoculants of different phyla and order have shown high efficiency for 

mycoremediation of hydrocarbons and toxic metals due to their biochemical mechanisms or 

metabolites produced, the main process conditions (e.g., contaminant type, bioprocess type) and 

parameters (e.g., time, pH, temperature, agitation) under which each experiment was carried out 

should be individually considered in detail to conclude on this efficiency more accurately. In 

this context, table 1 presents data on a diversity of possible fungal bioinoculants, process 

condition and parameters involved in hydrocarbon remediation. Similarly, table 2 presents data 

on toxic metal remediation.  



Table 1 – An overview of hydrocarbon remediation processes by bioinoculants and metabolites 

Phylum/Order Strain Contaminant Metabolite Removal 
efficiency 
(%) 

pH/ (%) 
moisture 

Tempera-
ture (°C) 

Mixing 
(rpm) 

Time 
(days) 

Data 
source 

Reference 

Mucoromycotina 

Mucorales Mucor racemosus ANT ND 12-14 ND 32 130 14 LC [38] 

Ascomycota 
Hypocreales F. solani BAP - 16 ND/25 - - 9 SM [6] 

Fusarium neocosmos-
poriellum 

crude oil LCC/BS 43 ND/60 - - 150 SM [186]  

Purpureocillium 
lilacinum 

crude oil - 44 7/100 30 - 40 LC [17] 

Acremonium 
sclerotigenum 

n-alkanes - 52 - 28 80 23 LC [33]  

Trichoderma tomentosum PHE, ANT, PYR - 60-90 
 

25 100 49 LC [56]  
Pleosporales Alternaria alternata diesel oil LCC, MnP 28 - 26 - 28 LC [152] 

Coniothyrium sp. PHE, ANT, PYR - 26 - - - 30 LC [182] 
Ulocladium sp. PHE, BAP, PYR LCC, MnP 40-98 ND/20 - - 120 SM [41] 

Eurotiales Penicillium citrinum n-alkanes - 80 - 28 80 23 LC [33] 
Aspergillus ustus crude oil - 30 7/100 30 - 40 LC [17] 
A. niger biodiesel lipase/BS 64 ND/60 - - 60 SM [129] 
P. variotii diesel oil MnP, CAT 30 - 26 - 28 LC [152] 
T. helicus BAP - 33 - - - 9 SM [6] 

Saccharomycetales C. maltosa alicyclic 
hydrocarbons 

- 30-38 - 30 300 5 LC [62] 

Lipomyces tetrasporus crude oil - 68 
 

28 150 30 LC [141] 
C. tropicalis saturated and 

aromatic 
DH, PPO, BS 42-96 2/60 - - 180 SM [181] 



hydrocarbons 

Yamadazyma mexicana octane, PYR - 24 - 30 150 360 LC [187] 
Capnodiales Cladosporium sp. PYR, PHE, ANT, 

FLU 
ND 47-71 - 32 130 21 LC [38] 

Cladosporium sphaeros-
permum 

diesel oil LCC, LiP, CAT 40 - 26 - 28 LC [152] 

Microascales Pseudoallescheria sp. aliphatic 
hydrocarbons 

LCC/hydrolases 79 ND/50 28 - 60 SM [180] 

Helotiales Cadophora sp. PHE, BAP LCC, MnP 74-99 - 25 150 10 LC [188] 
incertae sedis Trematophoma sp. PHE, ANT, PYR LCC 56-90 - 28 180 15 LC [189] 

Pseudogymnoascus sp. PHE, BAP LCC, MnP 53-93 - 25 150 10 LC [188] 
Basidiomycota 
Agaricales Pleurotus dryinus PHE, FLU, PYR LCC 25-60 7 27 150 30 LC [179] 

P. ostreatus PHE, BAP LCC, MnP 64-98 - 30 150 10 LC [188] 
Pleurotus florida saturated and 

aromatic 
hydrocarbons 

LCC, tyrosinase, 
BS 

55 - 24 120 30 LC [71] 

Crucibulum laeve PHE, PYR, BAP DH, LCC, PPO 42-64 ND/60 20-28 - 
 

SM [190] 
Polyporales Trametes polyzona PHE LCC 98 4.5/100 - 150 1 LC [35] 

P. sajor-caju phenol LCC 36-82 6.5/100 28 - 4 LC [27] 
Megasporoporia sp. BAP LCC, MnP 54 - 30 150 14 LC [43] 
Microporus vernicipes PHE, ANT, FLU, 

PYR 
LCC, MnP, LiP 15-38 - 27 150 14 LC [44] 

Phlebia acerina PHE, ANT, FLU, 
PYR 

LCC, MnP, LiP 42-52 - 27 150 14 LC [44] 

Trametes hirsuta phenol, PHE, ANT, 
FLU, PYR 

LCC 30-85 7 27 150 30 LC [179] 

Polyporus sp. CHRY 1,2-CTD 65 - 25 120 30 LC [67] 
Sporidiobolales Rhodotorula ingeniosa octane, PYR - 35 - 30 150 360 LC [187] 



Russulales Peniophora incarnata PHE, ANT, FLU, 
PYR 

LCC, MnP, LiP 68-95 - 27 150 14 SM [44] 

Caption - ND: not described, BAP: benzo[a]pyrene; PHE: phenanthrene; ANT: anthracene; PYR: pyrene; FLU: fluoranthene; CHRY: chrysene BS: biosurfactant; LCC: laccase; MnP: manganese peroxidase; CAT: 

catalase; LiP: lignin peroxidase; DH: dehydrogenase , PPO: polyphenoloxidase; 1,2-CTD: Catechol 1,2-dioxygenase; SM: soil microcosms; LC: liquid culture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table 2 – An overview of toxic metals remediation processes by bioinoculants and metabolites 

Phylum/Order Strain Metal Mechanisms Removal 
efficiency 
(%) 

pH/(%) 
moisture 

Tempera-
ture (°C) 

Mixing 
(rpm) 

Time 
(h) 

Data 
source 

Reference 

Glomeromycota 
Glomerales G. versiforme Cd Phytoextraction 25-74 ND/60 22-28 ND 1680 SM [36] 

R. irregularis Cd Phytoextraction ND ND 22-28 ND 1680 SM [102] 

Mucoromycotina 
Mucorales Circinella sp. Ni Biosorption 6 6/ND 40 ND 1 LC [191] 

Cunninghamella sp. Pb  Biosorption  95 ND 28 180 168 LC [192] 
Mucor circinelloides Pb, Cd, 

As 
Biosorption/Bio-
accumulation 

2-87 6/ND 25 170 35 LC [42] 

Rhizopus stolonifer Pb, Cd, 
Ni 

 Bioaccumulation 17-59 ND 30 150 96 LC [18] 

Ascomycota 
Coniochaetales Lecythophora sp. Hg Biovolatilization/ 

Bioaccumulation 
86 ND 30 150 96 LC [143] 

Lecythophora sp. Hg Bioaccumulation 13-26 ND/50 
  

1344 SM [143] 
 Eurotiales A. niger, A. fumigatus, 

A. flavus 
Hg, Pb Bioaccumulation 96 ND 30 120 120 LC [155] 

Aspergillus lentulus, A. 
terreus 

Cu, Cr Biosorption 65-95 ND 30 150 120 LC [55] 

Paecilomyces sp. Cd Bioaccumulation  35 6/ND 28 120 240 LC [157] 

Talaromyces islandicus  Pb ND 80 ND 30 ND 120 LC [193] 
Hypocreales Trichoderma lixii Cu Biosorption  25-85 7/ND 28 80 120 LC [34] 

Beauveria bassiana Pb Biomineralization 8 7/ND 30 ND 504 LC [194] 



Microascales Scopulariopsis brevi-
caulis 

Hg, Se Bioaccumulation 
/Biovolatilization 

46-50 5,6/ND 25  ND 720 LC [107] 

Saccharomycetales S. cerevisiae U (VI) Biosorption 75 3/ND 30 150 24 LC [20] 
Pleosporales Microsphaeropsis sp. Cd Biosorption 90 6.5/ND 30 ND 72 LC [25] 
Basidiomycota 
Polyporales P. chrysosporium Cd Biosorption 47 ND 30 120 432 LC [100] 

T. hirsuta As, Cu, 
Fe, Cd, 
Zn, Pb 

Biosorption 23-98 7/ND 27 150 720 LC [179] 

Agaricales P. ostreatus  Cd  Biosorption 54 6/ND 30 100 168 LC [195] 
Schizophyllum com-
mune, Leucoagaricus 
naucinus 

U (VI) Biosorption/Bio-
accumulation 

10-60 ND ND 120 168 LC [22] 

G. vittiformis Cd, Cu, 
Cr, Pb, 
Zn  

Bioaccumulation 10-90 ND/85 22 ND 600 SM [21] 

Tremellales Cryptococcus laurentii Al, Cr, 
In, Ga, 
Fe, Bi 

Biosorption 60-80 4-7/ND ND 500 1,5 LC [185] 

Trichosporon sp. Pb, Zn, 
Ag 

Biosorption ND ND 28 ND 48 LC [103] 

Sporidiobolales  Rhodotorula mucilagi-
nosa 

Zn, Pb Biomineralization 2-16 7/ND 30 ND 504 LC [194] 

Caption: - ND: not described, SM: soil microcosms; LC: liquid culture 

 

 

 



According to Tables 1 and 2; bioinoculants belonging to the phyla Ascomycota and 

Basidiomycota are the most explored for mycoremediation of hydrocarbons and toxic metals, 

while the phyla Glomeromycota and Mucoromycotina have been more applied to remediate 

metals. Trials with bioinoculants for mycoremediation of metals are generally carried out in 

shorter time when compared to hydrocarbon degradation. This is probably due to the 

mechanisms of interaction with toxic metals (e.g., biosorption and bioaccumulation) are faster 

than mechanisms involving the action of enzymes and biosurfactants for hydrocarbon 

remediation [75,103,129]. 

The measurement of the efficiency rate in mycoremediation is the main criteria to analyze the 

performance of bioinoculants, although this rate is influenced by several operational parameters; 

which are difficult to maintain under conditions appropriate to the bioinoculant during a real 

application [143,182]. In summary, high efficiency rates in mycoremediation are achieved 

through the use of bioinoculants under controlled conditions, mainly in liquid culture simulating 

remediation of aquatic environments. However, experiments in soil microcosms better mimics 

contaminated environmental conditions, since they simulate contaminant-fungus-soil 

interactions, which promotes results closer to real conditions [6,41]. Furthermore, technologies 

related to the use of bioinoculants in bioreactors to carry out mycoremediation or to produce 

metabolites for this purpose are constantly developing [32,144]. The next sections discuss in 

detail this information that concerns the bioprocessing and formulation of bioinoculants and 

strategies to improve their use in mycoremediation of hydrocarbons or toxic metals. 

 

7.2 Bioreactors: controlled system configurations 
 

Bioreactors are engineered equipment projected with control systems to ensure the maintenance 

of appropriate operating conditions for the process. Engineering principles such as mass 

transfer, mixing, aeration, etc., promote the versatility of different bioreactor configurations that 

can provide specific conditions related to the type of process in order to promote greater 

efficiency [1,196]. Fungal bioprocesses related to hydrocarbon and toxic metal remediation, 

when conducted in bioreactors, are to produce metabolites or analyze influence and behavior of 

these metabolites under different physicochemical and/or biological conditions during 

remediation [16,32]. Thus, mycoremediation processes for hydrocarbons or toxic metals have 

been carried out in submerged (water), semi-solid (soil sludge) or solid (air biofilters) state 

bioreactors [183,196,197]. The use of submerged culture bioreactors allows scale-up and 

process control, as well as being manageable, predictable, and easier to handle in a confined 

environment than in situ or solid phase developed systems [1,95]. 



Stirred tank reactors (STR) have mechanical stirrers that promote high shear stresses, which can 

cause fragmentation of the mycelium and/or pellet formation [95]. Higher phenol degradation 

was achieved in STR via laccases and other phenol-oxidases produced by P. sajor-caju 

compared to the same enzyme when produced in shaking flasks [27]. Differentially, air lift 

reactors are pneumatically agitated by air injection that impose low shear stress, which 

maintains the integrity of dispersing hyphae and mycelia and increases the surface contact area, 

requiring less energy compared to STR [1,95]. Air lift reactors have been used to scale up 

bioemulsifier production from A. brasiliensis applied to PAHs remediation [32]. A maximum 

removal at 92% of phenol (4.0 mmol•L-1) in liquid medium was achieved from laccases 

excreted by P. sajor-caju in STR, while in air lift reactor the maximum removal was 82% [27]. 

Moreover, STR and air lift were used for the development of a Trichoderma viride bioinoculant 

involved in Cr+6 biotransformation. A higher biotransformation capacity was achieved in air-lift 

reactor, since mechanical agitation in STR caused negative effects on the mycelium [196]. 

Slurry phase stirred tank reactor represent a highly engineered treatment system for soil 

remediation, since this system allows increased surface phenomena such as gas/liquid and 

solid/liquid mass transfer due to agitation [49,118]. Biotreatment in sludge-phase reactor can 

occur with the input of contaminated soil, water, air, fungal bioinoculant, nutrients and 

biosurfactants, while the output streams will be decontaminated soil, sewage, biomass, CO2 and 

by-products [118]. The use of the bioinoculant B. adusta in sludge phase reactor promoted the 

degradation of several PAHs, probably due to the higher availability of oxygen and nutrients. 

This technology also maintains sludge homogeneity, which avoids solids separation during 

mycoremediation [183].  

Bioreactor configurations such as packed bed, trickle bed and bioscrubbers are the main forms 

used as fungal biofilters for remediation of air containing volatile hydrocarbons [198,199]. 

Packed bed bioreactors have an absorption column configuration and can be multiphase; they 

also have inlet for contaminated air stream in upward or downward flow, which permeates the 

pores of the packing material where the fungus is immobilized, promoting the exit of a 

decontaminated air stream due to microbial degradation [4,200]. Trickle bed bioreactors have a 

configuration almost like the packed bed type; however, they are smaller and have spray nozzles 

on their top for intermittent addition and recirculation of nutrient solution and water. 

Furthermore, these reactors operate in countercurrent flow and can generate liquid waste 

[197,198]. The bioscrubber-type differ from the other biofilters previously mentioned only 

because their operation depends on a prior mass transfer step from the contaminant from the gas 

phase to a liquid phase that must be subsequently decontaminated [199]. In general, the 

efficiency of a biofilter-type bioreactor depends on the air inlet flow rate, nutrient starvation 

state and physicochemical properties of the packing material [156,200].  



 

7.3 Nutritional Parameters 
 

Fungal metabolism have its metabolic pathways altered according to the availability (presence 

or limitation) of substrates, so nutritional parameters such as carbon sources, nitrogen, trace 

elements, etc. must be supplied appropriately to ensure bioinoculant growth, which in turn 

influences the rate of hydrocarbon degradation [31,62,65]. For instance, supplementation with 

carbon sources is required during degradation of alicyclics by fungal bioinoculants, as these 

hydrocarbons do not support microbial growth due to their high recalcitrance [62]. The 

degradation of benzo[a]pyrene by the bioinoculant Fusarium solani increased approximately 9-

fold when the carbohydrate carbon source (glucose) was replaced by a lipid substrate (olive oil) 

in liquid medium [65]. In addition, supplementation with nitrogen sources such as urea and 

ammonium dihydrogen phosphate increased engine oil degradation by 72% and 54% by the 

bioinoculant A. sydowii, respectively [31]. However, high concentrations of NPK nutrients can 

reduce microbial hydrocarbon degradation activities [1,31]. Supplementation of fungal 

bioinoculants with substrates such as citric acid, ferulic acid, glycerol, veratrole alcohol and 

copper sulphate can induce increased production of peroxidases and oxidoreductases in liquid 

cultures or soil microcosms [8]. Additionally, the bioinoculant P. chrysosporium modified its 

enzymatic mechanism involved in hydrocarbon degradation according to nutrient availability: 

the strain preferentially expressed peroxidases in nutrient-limited media and CYPs in nutrient-

sufficient media [201].  

The addition of lignocellulosic biomass to contaminated soil can enhance the performance of 

fungal bioinoculants as the biomass supports fungal growth, induces the excretion of oxidative 

enzymes and acts as a texturizing agent to enhance porosity and oxygen transfer [158,160,180]. 

When wood chips were added to the treatment of water contaminated with PAHs and phenols, 

laccases produced by P. dryinus showed a higher catalytic activity compared to those produced 

with glucose. However, the phenol concentrations were increased due to the depolymerization 

of lignin [179]. Furthermore, cometabolic substrates such as lignin and vanilla, when added to 

benzo[a]anthracene contaminated soils, promoted the stimulation of autochthonous fungi, which 

may cause hydrocarbon degradation [173,202]. Additionally, fungal bioinoculants that produce 

biosurfactants can have their productivity increased when there is a supplementation with a 

carbohydrate source, because the combination with the available hydrocarbon induces the 

excretion of biosurfactants [45]. 

7.4 Operational conditions and abiotic parameters 



In general, abiotic parameters such as temperature, pressure, Eh, pH, moisture, salinity, aeration 

and mixing directly influence the performance of fungal bioinoculants, as these parameters 

affect microbial physiology regarding enzymatic pathways, balance of catalytic reactions, 

contaminant transport (desorption, diffusion) and excretion of metabolites [11,203]. 

Furthermore, these parameters can also affect biogeochemical processes; as well as influence 

the chemical structure, solubility, bioavailability and mobility of hydrocarbons, toxic metals 

and/or organic matter, during mycoremediation [57,108]. 

When the bioinoculant A. sydowii was subjected to high pressure reactors (10MPa) to check its 

ability to degrade spent motor oil under such conditions, this resulted in an increase of 11.3% 

compared to the degradation under mild pressure conditions (0.1MPa) [31]. This was explained 

by the higher aggregation and reduction in the size of mean diameter of hyphal filament under 

high pressure condition, which may have increased the surface area of active sites for 

hydrocarbon assimilation and degradation [31]. Moreover, high saline concentrations can 

negatively affect mycoremediation, as this condition tends to decrease solubility of enzymes and 

oxygen in aqueous solution, as well as decrease bioavailability of hydrocarbons [53]. 

Bioinoculants composed of halotolerants such as L. tetrasporus and P. variotii would be 

suitable for use in saline soils as they showed 38% and 31% efficiency for petroleum 

hydrocarbon degradation under high salinity (45 g•L-1) conditions, respectively [141].  

The pH of soils contaminated with PAHs ranges from pH 3 to 9 [41,204]. Higher efficiencies of 

PAH degradation were reported at neutral pH, although generally fungal bioinoculants and 

enzymes can interact with PAHs under slightly acidic conditions (Table 1 and 2) [80,184]. 

However, Talaromyces sp. isolated from contaminated soils showed good performance in the 

degradation of aliphatic and aromatic hydrocarbons under alkaline conditions (pH=9), which are 

extreme conditions for other microorganisms [204]. Additionally, alkaline pH induce the 

formation of negatively charged groups in the fungal biomass, which favors the biosorption of 

cationic metals [99].  

The Eh measures the oxidizing (Eh positive) or reducing (Eh negative) capacity of the 

microenvironment in which the biotransformation of contaminants occurs, and influences 

biochemical mechanisms involved in the action of bioinoculants and/or enzymes applied to 

mycoremediation [137]. In addition, the moisture/water activity of the environment influences 

fungal growth, excretion of metabolites and biochemical reactions involved in 

mycoremediation, as these depend on a specific water level [59,129]. Addittionally, low 

temperatures can increase the viscosity of hydrocarbons and inhibit fungal enzymes activities 

involved in their degradation, although oxygen solubility is favored at low temperatures for 

aerobic degradation [57,178]. Higher temperatures increase the bioavailability and solubility of 



hydrocarbons [197], and increase the capacity of fungal bioinoculants for biosorption due to 

increased activation of adsorption surfaces and diffusivity of toxic metals [99]. Trials on 

mycoremediation of hydrocarbons and toxic metals are commonly conducted at temperatures 

between 20 and 32 °C (Table 1 and 2). 

The agitation is a parameter that considerably influences the production/application of fungal 

bioinoculant and metabolites for environmental remediation [67,205]. Bioinoculants composed 

of filamentous fungi generally require high oxygen demand and the minimization of mechanical 

disturbance for real application in soil remediation [101,150]. Under static conditions, air 

biofilters inoculated with filamentous fungi may exhibit hydraulic/gas retention or loss in 

interstitial fluid volume due to overgrowth of hyphae, which also promotes higher pressure drop 

[199]. Regarding to enzymatic mycoremediation, Polyporus sp. produced ligninolytic enzymes 

and degraded chrysene about 2 times more efficiently when orbitally shaken than in a stationary 

culture [67]. This was probably due to fungus morphology that in the form of pellets increases 

the mass transfer between cells and medium, a condition not met in the stationary culture 

characterized by the formation of a mycelial layer on the substrate surface [67]. Nevertheless, in 

relation to biosurfactant application, those produced by Y. lipolytica removed 98% of engine oil 

when applied under agitation, as opposed to 30% under static conditions [206]. Likewise, 

biosurfactants from C. tropicalis were able to remove Zn (80%), Cu (70%) and Pb (15%) when 

applied under orbital mixing conditions and at double CMC. However, under static and at 

normal CMC, its capacity was reduced considerably: Zn (32%), Cu (20%), and Pb (0.5%) [205]. 

 

7.5 Downstream processing: efficiency, ecotoxicological safety, recovery and formulation  

The development of fungal bioprocesses in environmental remediation involving the production 

or application of bioinoculants may include downstream processing to analyze their efficiency 

and ecotoxicological safety, as well as to propose recovery and formulation of bioinoculants on 

a market scale.  

Under laboratory conditions, the efficiency of bioinoculants in remediation of hydrocarbons and 

toxic metals are measured using high resolution chemical techniques such as GC-MS and AAS, 

respectively [34,41]. Lower resolution techniques such as gravimetry and respirometry also 

present less accurate quantitative data on hydrocarbon remediation efficiency [128,153]. 

However, the efficiency of bioinoculants is certainly impossible to measure in a real application 

due to the complexity and dynamics of soil-fungus-contaminant interactions along small 

interfaces of the contaminated environment, as well as different distributions of contaminant 

concentration gradients may imply inconsistent results [108].  



Exotic fungal bioinoculants may pose risks, such as decreasing microbial and plant biodiversity 

in a natural habitat, due to their behavior as an invasive species [207]. Fungal bioproducts must 

not promote an additional ecotoxicological risk for contaminated environments after their 

application, i.e., they must not affect the metabolism of terrestrial or aquatic plants and animals 

[71,116]. Some fungi can excrete intermediate metabolites such as oxygenated, alkylated and 

nitro-PAHs that are formed during enzymatic degradation of PAHs and are more toxic than 

their original counterpart [4,76]. Thus, technologies to verify the ecotoxicological safety via 

mutagenicity, phytotoxicity and genotoxicity tests on the use of bioinoculants or biosurfactants 

in mycoremediation should be based on fast growing organisms that are very sensitive to toxic 

chemicals [35,41,71,116,205]. For example, vegetables like watercress (Lepidium sativum L.), 

cabbage (Brassica oleracea), beans (Vigna radiata); animals like fish (Poecilia vivipara) and 

shrimp (Artemia salina); and bacteria like Vibrio fischeri (bioluminescence test) and Salmonella 

typhimurium (AMES test) are organisms that allow an easy response in environmental 

toxicology assays [35,41,71,116,205].  

Downstream processing technologies such as recovery, purification, and characterization in 

developing bioinoculants do not require high resolution techniques presumably due to their 

environmental purpose, thus purification steps are not necessarily required. Thus, filamentous 

and yeast bioinoculants can be adequately recovered by unit operations involving solid/liquid 

separation such as filtration and centrifugation [41,185]. However, the application of drying 

techniques can increase the storage feasibility and shelf life of metabolically inactive 

bioinoculants compared to those with active metabolism. 

Although the formulation and use of fungal bioinoculants in environmental remediation is not 

yet consolidated for a practical application, the technologies related to this formulation are 

predictably similar to those required for formulation of bioinoculants used in agriculture, 

preferably with minimal unit operations of preparation [208]. Besides containing nutrients (C, 

N, P and K), the formulation of fungal bioinoculants may require the addition of preservatives 

(e.g., potassium sorbate), stabilizers (e.g., hydroxyethyl cellulose) and chelating agents (e.g., 

ethylenediaminetetraacetic acid, except metal ions) similarly to the formulation of bioproducts 

containing fungal biosurfactants [23,116]. Bioinoculants can be formulated in liquid state, 

which promotes greater ease for application, as well as in solid state through the use of carriers 

(e.g., polymers) to provide stabilization and protection of the strain during transport, storage and 

application [208]. The solid carriers involved in formulation of fungal bioproducts are related to 

immobilization technology, which is discussed below.  

 

7.6 Immobilization: cells, metabolites and nanotechnology  



Immobilization systems for fungal bioinoculants and/or enzymes increase the mycoremediation 

performance in comparison to free cells as immobilized cells have their cell density, mechanical 

strength and structural rigidity increased [6,84,176]. In other words, the immobilization process 

alters mass transfer between contaminant-bioproduct, which can generate a microenvironment 

possibly more favorable for remediation [20,73]. Furthermore, immobilization supports can also 

positively favor other or sequential mycoremediation steps such as solid-liquid separation 

and/or support regeneration for reuse [60,176].  

Organic supports composed of fungal polysaccharides and pigments present potential to 

immobilize bioinoculants or hydrocarbons/metals [30,209]. For example, the immobilization of 

the biosurfactant-producing bioinoculant C. tropicalis in chitosan and its adsorption on a 

biofilm formed on gravel increased the degradation of diesel oil by 22% since the polymer 

favored the fungal metabolism [209]. Similarly, the polymer (1→3)-α-d-glucans extracted from 

Lentinus edodes showed sorption capacity for Ni2+ (11%), Cd2+ (24%), Zn2+ (4%) and Pb2+ 

(72%) in aqueous solution due to the interaction of these metals with oxygen-containing 

functional groups of the biopolymer [210]. The use of semipermeable cellulose membrane to 

immobilize A. nidulans by encapsulation also increased approximately 3.6-fold the capacity for 

biosorption/desorption of copper in aqueous solution by multiple adsorption-desorption cycles 

compared to free cells of this strain [176]. 

Porous inorganic supports contribute to a better physical retention of bioinoculants and/or 

metabolites in their structures, which allows better contact between contaminant and 

immobilized cell without changing the physicochemical and thermodynamic properties of the 

process [6,211]. Several packing materials such as ceramic pellets [197], vermiculite [16], 

perlite [200] and polyueratan [156] have been used to immobilize fungal cells for aromatic 

and/or aliphatic hydrocarbon degradation. Fusarium solani reduced by 18% the total PAH in 

soil microcosms when immobilized on expanded clay particles [6]. Trichoderma 

longibrachiatum promoted a microbial biofilm formation that removed about 70% of 

phenanthrene in soils when immobilized on nylon sponge [211]. Immobilization of S. cerevisiae 

on cross-linked gel in boric acid-saturated calcium alginate also allowed maximum biosorption 

of radioactive uranium (113.4 µmol•g-1), besides intensifying the adsorption on both the surface 

and internal parts of the yeast [20]. Additionally, mineral particles as support for intracellular 

immobilization of metal ions in S. cerevisiae [98] and P. chrysosporium [97] enhanced the 

removal of toxic metals in aqueous solution, since these strains, when functionalized with 

calcium carbonate (CaCO3) in their internal structure, achieved higher rates (3 to 4x) for 

immobilization of Pb2+ and Cd2+ compared to untreated strains [97,98].  



Enzyme immobilization can enhance the biodegradation of hydrocarbons because it promotes 

for greater enzyme stability, resistance to proteolysis, increased catalytic activities and enzyme 

recyclability and shelf life [1,73]. Laccases from T. versicolor immobilized on Fe and Al soil 

minerals showed increased catalytic activities compared to free laccase at low pH, which favors 

their application for soil remediation [84]. Covalent immobilization of laccase produced by 

Myceliophthora thermophila on support (silica) functionalized with epoxy promoted 

degradation of phenolic compounds derived from oxidation of PAHs, such as catechol (95% in 

2h) and phenol (13% in 24h), as well as improved enzyme stability at different temperature 

profiles and organic solvents in comparison to free enzymes [73]. Membranes fabricated by 

emulsion electrospinning, composed of structural nanofibers in the shell (for contaminant 

adsorption) and with immobilized laccase in its core (for contaminant degradation) and pores in 

its shell (for mass transfer), promoted enhanced adsorption and removal of hydrocarbons in 

soils [212]. 

Nanotechnology has allowed achieving higher performance in metal immobilization using 

nanoparticles synthesized from fungal cells and/or fungal metabolites as reducing agents for 

biogenic synthesis of such miconanoparticles [96,213]. Nanoparticles as metal immobilization 

support have high surface/volume ratio, which confers a higher expected number of ligands for 

metal sorption [96,213]. Nanoparticles synthesized from chitosan extracted from C. elegans and 

sodium tripolyphosphate (Na5P3O10) showed better potential to immobilize Pb2+ than Cu2+ in 

contaminated soil or water [96]. Silver nanoparticles biofabricated/adsorbed on the carbonized 

mesoporous surface of Aspergillus foetidus increased approximately 3-fold the arsenic 

biosorption compared to the same fungal biosorbent without the nanoparticles [213].  

8 EXPERIMENTAL PROCESS DESIGN: A PROPOSAL FOR INTEGRATED 

TECHNOLOGIES 

Although integrated technologies are even more challenging in a practical use, they are under 

constant development to overcome technological limitations and increase the efficiency of 

mycoremediation [52,214]. A combination of technologies involving production and application 

of bioinoculants or metabolites can extend the allocation of resources appropriately to fill small 

gaps that may still limit remediation, as well as increase the amount of resources available to 

better carry out the process [106,215]. 

8.1 Physicochemical-biological systems 

Bioinoculants or metabolites when integrated into physicochemical technologies have promoted 

superior results compared to technology without such fungal bioproducts [52,214]. The 

electrokinetic remediation is a technology indicated for soils with low hydraulic permeability, in 

which it would be unfeasible to use fungal bioinoculants due to restrictions related to low 



oxygen availability and permeation of its hyphae [146,214]. However, the combination of SL 

with electrokinetic remediation enhanced the removal of Cu (53.2%), Zn (62.0%), Cr (53.0%), 

Pb (52.4%), Ni (56.2%) and Fe (37.0%) due to the chelating agent action of the biosurfactant in 

acidic conditions, which allowed greater mobility of toxic metals through electro-migration and 

electro-osmosis during electrokinetic remediation [214]. Similarly, the use of SL (20 g•L-1) 

increased Cd removal by 71.2% when combined simultaneously with an ultrasound technique 

(35 kHz) and temperature control (50°C) during soil washing, as cavitation and high 

temperature promotes greater dispersion and molecular movement of the metal, respectively 

[216].  

The oxidative process of ozonization promotes degradation of hydrocarbons by addition of 

ozone. The combination of this technology with the use of fungal bioinoculants can increase 

efficiency for the degradation of these contaminants [52]. After the mycoremediation of soils 

contaminated with diesel by T. harzianum, the application of ozone in these soils increased 

diesel degradation by two-fold compared to the only ozonation process. It is important however 

to mention that lower degradation rates were achieved after ozone application due to the 

antimicrobial activity of ozone [52].  

 

8.2 Multiple biosystems  

 

We define multiple biosystem applied to mycoremediation of hydrocarbons and toxic metals as 

any bioprocess involving the (1) combination of metabolite and bioinoculant, (2) a system 

composed of a single fungus producing multiple metabolites, the (3) combination of different 

metabolites and the (4) combination of bioinoculants or metabolites with other biological 

systems, such as plants, animals or other microorganisms.  

The sequential combination of bioleaching (by organic acids) and biosorption can be an 

alternative to enhance the remediation of toxic metals since the bioinoculant A. niger promoted 

the solubilization of Pb and Zn during its cultivation in liquid medium (bioleaching) and its 

biomass was considered a good biosorbent for such metals when applied later [106]. 

The production of multiple metabolites such as enzymes and biosurfactants by a single fungus 

can occur because the substrate can be directed to different metabolic pathways of the strain that 

are activated in its presence. This can favor the economy of production process and efficiency of 

the process for simultaneous application of these two metabolites [129,186,189]. Pleurotus 

florida degraded crude oil (55%) in liquid medium by simultaneous production of biosurfactants 

and intracellular and extracellular enzymes such as tyrosinase and laccases, respectively [71]. It 



is speculated that positive enzyme-biosurfactant synergy in hydrocarbon degradation relates to 

increased enzyme activity due to the higher bioavailability of the contaminant promoted by 

biosurfactants [71]. However, high concentrations of surfactants can also reduce the enzymatic 

activity [50]. Additionally, due to nutritional and environmental parameters that can divert 

and/or induce towards other metabolic pathways, the production of multiple metabolites for 

mycoremediation is still underdeveloped [129].  

The combination of different classes of biosurfactants can increase washing efficiency of 

petroleum sludge, as binary system composed of non-ionic SL and anionic (bacterial) 

lipopeptide promoted the formation of mixed micelles with superior heterogeneous and 

structural properties. These include lower CMC and better efficiency in reducing surface and 

interfacial tension compared to single surfactant system [54]. 

Commercial SL, when combined with phytoremediation processes (remediation by plants) of 

Cd by pot-grown Bidens pilosa, promoted higher bioaccumulation of this metal in roots (5.36 

μg•pot-1) and shoots (15.34 μg•pot-1) of the plant, as their addition promoted higher metal 

availability [48]. Commercial SL, can also when applied to bacterial remediation, increased the 

degradation of petroleum hydrocarbons in soil microcosms by 13% compared to bacterial 

remediation alone. This maybe the results of the fungal surfactants that may have biostimulated 

the bacteria activities [47]. The combination of fungal bioinoculants with phytoremediation 

and/or vermiremediation (use of earthworms) are promising technologies for hydrocarbon/or 

toxic metal remediation [48,190,217]. 

Synergistic plant-fungus interaction can promote microbial growth due to secretion of root 

exudates (phenolic compounds, organic acid), while plants can obtain mineral nutrients and 

increase their defense potential due to fungal action [42,190,218]. Bioinoculants composed of 

the AMF G. versiforme increased Cd bioaccumulation in shoots and roots of Solanum nigrum, 

as well as increased plant growth and resistance to metal toxicity [36]. Another good example is 

the bioinoculant P. chrysosporium, which increased by almost two-fold the phytoremediation 

efficiency by Amaranthus hypochondriacus in soils co-contaminated with hydrocarbons and 

toxic metals, an even further two-fold greater efficiency was achieved when biosurfactants were 

added to this process [218]. The interaction between S. nigrum and M. circinelloides reduced 

oxidative toxicity of Pb, Cd and As and allowed to alter the mobility of these metals through 

biosorption and bioaccumulation mechanisms, besides increasing plant growth [42]. In addition, 

microbial-plant remediation carried out by the bioinoculant C. laeve and Salix viminalis 

increased pyrene degradation compared to the independent processes of mycoremediation 

(14%) [190]. 



The bioavailability of organic contaminants and toxic metals to fungal strains and plant roots 

can be increased through the use of earthworms in soils. These animals increase porosity and 

modify soil physicochemical parameters, which in turn favors the remediation of the soil due to 

the greater contact surface reached [37,219]. Although not necessarily reported for petroleum 

hydrocarbons and toxic metals, mechanisms for remediation of organic contaminants by 

vermiremediation include vermiacumulation, vermiextraction, vermitransformation and 

drilodegradation [219]. Multiple biosystems consisting only of the combination of 

vermiremediation and mycoremediation are still unexplored, so are those combined with other 

technologies such as phytoremediation [37,217].  

The combination of vermirremediation using Eisenia fetida with a multiple biosystem 

composed of P. chrysosporium and Medicago sativa degraded higher levels of phenanthrene 

(11%) in soils compared to the multiple biosystem only [217]. Likewise, although the individual 

potential of each remediation system was not evaluated, the use of the AMF Rhizophagus 

intraradices with S. nigrum with E. fetida reduced the initial Cd concentration in soils by 8% 

compared to the untreated soils (120 mg•kg-1 of Cd) [37]. The application of microbial 

remediation technologies combined with vermiremediation is still limited to low concentrations 

of hydrocarbons due to toxicity issues [219,220]. Baykal-EM© is a mixed bioinoculant 

composed of fungi (Saccharomyces, Aspergillus and Penicillium), photosynthetic bacteria 

(Thiorhodaceae, Athiorhodaceae and Chlorobacteriaceae), nitrogen-fixing bacteria (Azotobacter 

and Clostridium) and Actinomycetales [220]. This biotechnological product Baykal-EM©, when 

combined with annelids E. fetida, Eisenia andrei or Dendrobena veneta, achieved superior 

results for hydrocarbon degradation than when without the animals [220]. However, the biotic 

potential of all these annelids at different hydrocarbon concentrations was decreased, which 

presumes that the microbial consortia may facilitate oil uptake in the digestive pathway of the 

earthworm, which in turn increases the toxic effects of the contaminants [220]. Furthermore, 

ethical aspects and both environmental and ecological safety related to the use of animals (even 

invertebrates) discourage real application of the combination of myco- and vermiremediation. 

 
8.3 Mixed fungal bioinoculants: consortium with other fungi, bacteria or microalgae 

 

Although axenic fungal bioinoculants have demonstrated high efficiency in remediating 

hydrocarbon and toxic metals, they may have their enzymatic mechanisms limited to the 

degradation of specific/different fractions of petroleum hydrocarbons [62,181,221]. 

Furthermore, it is very likely that in a practical application their use will predictably not be 

under axenic conditions. 



Alternatively, mixed cultures of fungi and/or bacteria can enhance efficiency/productivity and 

reduce the period required to achieve maximum hydrocarbon and toxic metal removal compared 

to axenic cultures [150,161], particularly due to the combination of different genotypes and 

diversity of metabolic processes of the strains [152,153]. For example, co-culture of 

Acinetobacter sp. and Scedosporium sp. increased the abundance of genes involved in aliphatic 

degradation such as alkane monooxygenase (alkB) and cytochrome P450 alkane hydroxylase 

(CYP52) by 43% and 65% compared to axenic cultures, respectively. This fact was attributed to 

biosurfactant excretion by Acinetobacter sp., which increases hydrocarbon bioavailability [153]. 

Furthermore, the use of co-cultures of biosurfactant-producing yeasts such as Sarocladium sp. 

and Cryptococcus sp. Promoted greater degradation of pyrene in a shorter time than with 

individual strains [111].  

The symbiotic and co-metabolism relationships between fungi and bacteria that compose mixed 

bioinoculants can enhance hydrocarbon mycoremediation [19,204]. Mixed bioinoculant 

composed of Talaromyces sp. And Acinetobacter baumannii degraded different fractions of 

petroleum hydrocarbons, as mostly n-alkanes were degraded by the fungus, while aromatics and 

branched alkanes were better degraded by the bacteria [204]. In addition, some bacterial 

bioinoculants produce exopolysaccharides as a secondary carbon source, which supports the 

growth of fungal strains [222]. Mycelia can also mobilize contaminants through cytoplasmic 

transport linked to ‘hyphae pipelines’ vesicles, acting as vectors for dispersal and transport of 

contaminant-degrading bacteria [101,153].  

Syntrophic action between different microbial strains complements metabolic reactions 

involved in hydrocarbon degradation when a single strain is unable to perform degradation 

without the cooperation of others, as the previously formed metabolite is a substrate for next 

catalysis [62,181]. For example, alicyclics are only degraded by mixed bioinoculants, since the 

enzyme cascade involved in this degradation is almost never found in the same strain [5,62]. 

The microbial consortia composed of eight filamentous fungi, three yeasts and four bacteria, 

when inoculated sequentially (bacteria added after one week), promoted greater degradation of 

crude oil [19], pyrene and tetracosane [154] compared to consortia composed separately of only 

fungal or bacterial strains, as well as when compared to the concomitant inoculation of all 

microorganisms at the start of the process. Thus, enzymes produced by fungal bioinoculants 

produce more soluble and less toxic intermediate metabolites from hydrocarbon degradation, 

which in turn can be further degraded by bacterial bioinoculants [19,154].  

Overall, microbial consortia of fungi and/or bacteria can enhance: enzyme and biosurfactant 

production [152,204], bioaugmentation processes [41], air biofiltration [16] and metal mobility 

[55,221] during mycoremediation. Fungal consortia consisting of Alternaria alternata, 



Aspergillus terreus, C. sphaerospermum, Eupenicillium hirayamae and P. variotii degraded 

diesel oil and increased enzymatic activity of laccase, manganese peroxidase, lignin peroxidase 

and catalase compared to using individual strains alone [152]. Bioaugmentation with 

autochthonous fungi belonging to the genus Penicillium, Ulocladium, Aspergillus and Fusarium 

increased removal of petroleum hydrocarbons by 65% compared to biostimulation in soil 

microscosms [41]. Additionally, the mixed bioinoculant composed of F. solani and 

Rhodococcus erythropolis removed approximately 60% of toluene and benzo[a]pyrene in an 

upflow air biofilters [16]. Fusarium solani predominantly colonized the first stage of the 

biofilter and R. erythropoli preferentially colonized the second and third stages, probably due to 

the feeding with mineral medium that occurred through the top of the reactor. This 

demonstrated that these different strains grew differently in the presence of high flow of 

contaminated air according to nutrient availability and carried out toluene and benzo[a]pyrene 

removal [16]. 

Regarding to toxic metals, fungal consortia composed of Aspergillus niveus, A. flavus and A. 

niger increased (on average) biosorption efficiency of Zn (20%), Pb (10%), Cd (24%) and Ni 

(16%) in aqueous solution compared to individual strains [144]. The fungal consortia of 

ascomycetes (Aspergillus, Fusarium, Penicillium, Purpureocillium, etc.) and basidiomycetes 

(Phanerochaete, Polyporales, Perenniporia, etc.) also enhanced bioaccumulation of Ni and Pb 

in soil microcosm since ascomycetes are known to have a potential as biosorbents, while 

basidiomycetes are known for the production of oxidative enzymes [221]. Moreover, mixed 

bioinoculant composed by the biosurfactant-producing yeast Meyerozyma guilliermondii and 

organic acid-producing bacteria Acidithiobacillus promoted the solubilization of Zn (76.5%), Ni 

(59.8%), Cu (22.0%), Cd (9.8%), Cr (99. 8%) and Pb (7.1%) in sewage sludge, since this 

microbial consortium promoted better bioleaching due to excretion of organic acids and 

biosurfactants that alter metal mobility [215]. 

The formulation of a mixed bioinoculant for hydrocarbon and toxic metal remediation requires 

that there is no interspecies inhibition for the survival of each strain, as well as that there is 

temporal stability of the microbiota, which can be achieved through efficient substrate 

availability and transport [153,160]. In this context, the use of C. laeve bioinoculant in PAH-

contaminated soil increased the relative abundance of bacteria (Rhizobium and Bacillus) and 

fungi (Hypocreales, Mortierellales, Mucorales, and Pezizales) that may be involved in the 

degradation of this contaminant. However, this bioinoculant also antagonized other putative 

PAH-degrading bacteria [190]. Furthermore, although T. longibrachiatum is a promising 

bioinoculant for the remediation of phenanthrene-contaminated soil, bacteria native to this soil, 

such as Sphingomonas, Sphingobacterium, Acidovorax, Massilia, Flavobacterium, Cupriavidus 

and Aeromicrobium, enhanced the degradation of this contaminant. Prior sterilization of the 



contaminated soil decreased degradation by 82% [40]. Hence, interactions between bioinoculant 

strains [190], nutrient availability [153] and the native microbial communities [40] influenced 

the efficiency of hydrocarbon degradation via mixed bioinoculants with respect to enhancing or 

retarding strain development. 

Although bacterial-microalgae consortia have shown promising results for the remediation of 

petroleum hydrocarbons [223]; the application of fungal-microalgae consortia to degrade such 

hydrocarbons is little explored compared to the use of fungi to enhance bioflocculation 

processes for microalgae harvesting [224,225]. Regarding hydrocarbon degradation, the 

consortium between the microalgae Desmodesmus sp. and the fungus Rhizopus sp. showed a 

superior removal of phenol (25 mg•L-1) in aqueous solutions of 25% and 29% compared to 

axenic cultures of these microorganisms, respectively [225]. Applied to the remediation of toxic 

metals, the microbial consortia of the microalgae Chlorella vulgaris and A. niger had a similar 

result to the use of only this fungus for the removal of Cd in aqueous solutions [29]. However, 

the aqueous solutions from this consortium had its pH decreased during metal removal due to 

the excretion of organic acids by the fungus, promoting metal bioleaching [29]. Possible 

synergistic relationships between fungi and microalgae during hydrocarbon remediation may 

include the additional supply of organic carbon source (exopolymers) and oxygen produced by 

microalgae for fungal metabolism [223]. In return, microalgae assimilate inorganic carbon as 

CO2 released by the fungal aerobic respiration, or organic carbon produced from the degradation 

of complex substrates via fungal enzymes [223]. Furthermore, the adherence and interaction 

between the cell surfaces of microalgae and fungi can promote a favorable microenvironment 

for hydrocarbon and toxic metal remediation, as there is an increase in the contact surface area, 

which also increases hydrocarbon uptake and metal sorption [223].  

 

9 FINAL CONSIDERATIONS 

Fungi are potential prototypes to be used in the biotechnological and environmental 

development of remediation processes for hydrocarbons and toxic metals. This is due to the 

metabolism, physiology and morphology of several fungi that make them able to interact with 

contaminants and/or to produce metabolites possibly scalable to an industrial production 

focused on the commercialization of fungal bioproducts for environmental remediation. 

Microbial enzymes (added chemical surfactants, nutrients) (http://www.osei.us/) and fungal 

biosurfactants (https://www.allied-c-s.co.jp/acs-sophor) are already produced and marketed on a 

large scale (≈ 1000L) for environmental remediation. However, technological issues regarding 

to the direct application, storage and shelf life of these products require further research to 

enable the use of these technologies, mainly related to enzymatic mycoremediation. Fungal 



biosurfactants show promising results for washing contaminated soils even when they are used 

directly from the fermented liquid culture, without any purification step. Furthermore, although 

the potential of various fungal bioinoculants in the remediation of hydrocarbons and toxic 

metals is widely demonstrated under controlled conditions, their real application in 

contaminated environments remains, analogously to sporulated fungi, awaiting appropriate 

conditions for development, i.e., technical and economic feasibility for proper consolidation. 

Among the fungal metabolites studied by the scientific community with focus on environmental 

remediation, enzymes and biosurfactants have received more attention for hydrocarbon 

remediation, while other metabolites such as pigments, organic acids, polymers or bioinoculant 

itself (due to cell wall composition) for toxic metals remediation. It is assumed that bioprocesses 

involving bioprospecting of fungal isolates as possible bioinoculants and/or producers of 

enzyme or biosurfactants for environmental remediation can take years to obtain an effective 

and accurate answer about the potential of the isolates; since several isolates must undergo a 

combination of screening techniques and be molecularly characterized to ensure biosafety for 

handling in bioprocesses. In this regard, enzymes have received a little more attention than 

biosurfactants in studies on bioprospecting and integration of molecular biology techniques and 

bioprocess engineering for mycoremediation of hydrocarbons and toxic metals.  

Nutritional and operational parameters, when adequately supplied, can minimize negative 

effects on fungal metabolism to achieve maximum performance through the full utilization of 

available resources provided by the natural archetype of fungal bioinoculants for environmental 

remediation. However, only from bioengineering of fungal strains is it possible to extrapolate 

the maximum performance achieved via maintenance of process parameters. Thus, genetic 

engineering has allowed the heterologous production of metabolites with higher yield or 

superior physicochemical-biological properties compared to non-engineered fungi. Moreover, -

omics technologies and bioinformatics tools have enabled the scientific elucidation of gaps to 

promote more efficient mycoremediation processes, mainly on: a) regulatory mechanisms 

(induction/repression) involved in enzyme and biosurfactant production; b) contaminant 

degradation pathways; and c) metabolic responses of fungal strains under multiple pollutant 

conditions.  

Other emerging technologies to increase performance in mycoremediation are related to 

immobilization techniques and biogenic synthesis of nanoparticles that promote enhancements 

in structural and mechanical characteristics in bioinoculants and/or metabolites, which in turn 

favor their interaction with contaminants and mass transfer during remediation. Integrated 

technologies based on the combination of bioinoculants and/or fungal metabolites with physico-

chemical remediation, such as ozonation or electrokinetic techniques, and the combination with 



other bioremediation methods such as phytoremediation, vermiremediation or mixed microbial 

bioinoculants have achieved superior results compared to the use of bioinoculants or 

metabolites alone in most cases. Furthermore, the simultaneous use of multiple metabolites such 

as enzymes and biosurfactants, or the combination of different classes of biosurfactants, can 

promote synergistic actions during remediation to achieve better performance since 

biosurfactants increase the bioavailability of contaminants for oxidative enzymatic action, as 

well as micelles with superior properties can be formed by mixed biosurfactants.  

This review has not been restricted to remediation of specific types of hydrocarbons and toxic 

metals and/or potential fungal bioproducts, which has broadened the coverage of different 

technologies to be applied in general. Although such technologies related to bioprocess and 

biomolecular engineering techniques may be trivial to any type of bioinoculant, metabolite or 

contaminant within its class, some of these technologies/methodologies discussed herein may 

not be applied to other bioprocesses due to their particularities, as well as divergence in 

operational parameters may decrease the coverage range or influence the response on the use of 

such technology. However, the high number of articles screened from the last twenty years of 

our survey brings robustness to the data discussed here, as well as relevance to the promotion of 

fungal bioprocesses for remediation of different hydrocarbons, toxic metals and/or possibly 

other emerging contaminants. 
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