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Abstract

Propose of Review Anthropogenic activities are saturating wastewater treatment plants and the environment with an increasing
range of organic and inorganic compounds, impairing ecosystems and health. Filamentous fungi, with characteristic filamentous
growth, array of extracellular and intracellular enzymes, production of surfactants, cell wall biosorption properties, and symbiotic
momentum, can contribute to a paradigm shift on the perception of anthropogenic pollution. This review provides a critical
analysis of the main bottlenecks for feasible filamentous fungus-including processes and proposes a holistic approach for
pollution mitigation using filamentous fungi.

Recent Findings Filamentous fungi can convert ordinary sidestreams into, e.g., feed proteins and biofuels. Economic and
environmental studies support integration in established processes. Intersectoral initiatives, and economic and environmental
studies, need to be motivated to increase the range of processes. Although massively studied, the transfer of fungal processes for
the removal of micropollutants into real matrices is difficult. It needs to be supported by omics technologies for the study of
microbial networks, and by efficient analytical techniques to clarify detoxification potential. The area can benefit from knowl-
edge integration from fungal growth in ordinary sidestreams, and from economic and environmental studies.

Summary The interest in filamentous fungi for pollution mitigation is corroborated by an overwhelming amount of research;
however, no full-scale applications are currently known. Environmental pollution is a reality and production of ordinary side-
streams and micropollutant-rich wastewaters continuous. The establishment of filamentous fungal processes needs collaboration
among governmental authorities, industries, and academics in order to tackle knowledge gaps within the area and propose a
holistic approach.
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Introduction

Anthropogenic activities have impaired the world’s biogeo-
chemical cycles. Earth’s resources are funneled into industrial
processes and intensified agricultural practices, to meet the
demands of an increasing population with improving standard
of living [1]. The biogeochemical disturbance is amplified by
the absence of worldwide efficient treatment systems for the
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originated municipal, industrial, and agricultural sidestreams
or wastewaters, rich in carbohydrates, protein, fat, minerals,
etc. This can contribute to high loads of organic and inorganic
matter in conventional wastewater treatment plants
(WWTPs), informal discharges into the environment, soil
and water eutrophication, landfilling, etc. Some strategies
are applied by dairy, agro, paper and pulp, and biofuel indus-
tries, to extract further value from the sidestreams with con-
comitant reduced levels of chemical oxygen demand (COD)
[2]. However, high energy consumption and low revenues are
coupled to these initiatives and these sectors can benefit from
superior economic and environmental valorization [3].

In line with increased industrialization and population, and
improved standard of living, chemical industries (e.g., petro-
chemical, pharmaceutical, textile, tanning, pesticides, and fer-
tilizers) and households generate wastewaters with such vari-
ability of compounds (e.g., dyes, hormones, hydrocarbons,
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heavy metals), which surpassed the cutting-edge technology
of WWTPs [4]. These compounds are recalcitrant to biodeg-
radation and can become volatilized, and toxic effects in all
life forms have increasingly been reported, hence their classi-
fication into micropollutants, emerging pollutants, or contam-
inants of emerging concern [5, 6¢].

Due to ecosystem integration, improperly treated wastewa-
ters; leachates from landfills and runoffs from, e.g., agricul-
tural practices; informal discharges and spills; and direct soil
administration of industrial sidestreams lead to water, soil, and
air pollution [7-10]. Environmental saturation is even jeopar-
dizing the development of green processes and products. For
instance, the soil administration of fertilizers originated from
anaerobic digestion of wastes might need to be reduced due to
eutrophication of soil and presence of micropollutants in the
digestate [11]. Therefore, pollution mitigation strategies cen-
tered on, e.g., reducing the COD of industrial sidestreams,
ensuring wastewater treatment before disposal, reducing
landfilling, and ensuring landfill isolation, are no longer suf-
ficient. Efficient systems need to be developed to decrease the
COD of ordinary industrial sidestreams in the form of valu-
able products that can re-enter anthropogenic activities and
reduce the loading into WWTPs, and to remove the wide
range of micropollutants escaping from conventional
WWTPs, landfills, chemical industries, and other anthropo-
genic activities, to avoid accumulation in the environment.
Therefore, advanced strategies are needed to prevent further
environmental pollution, and also for remediation of already
polluted aquatic and terrestrial ecosystems.

Filamentous fungi are ubiquitous in nature, playing key
roles in nutrient cycles and maintaining ecosystem balance
[12]. Their metabolic diversity has been transferred into in-
dustrial processes, supplying a range of products [13], and into
research initiatives towards valorization of industrial side-
streams [14, 15], and micropollutants removal from WWTP-
derived effluents [16°°], and from aquatic and terrestrial eco-
systems [17]. Considering their ecological significance, and
proven industrial application and research interest, filamen-
tous fungi reunite suitable properties to provide a multidimen-
sional contribution to pollution mitigation. These include their
filamentous and macroscopic growth, array of enzymes, ca-
pacity of surfactant production and cell wall sorption, range of
value-added products possible to be produced, and synergistic
outputs when co-cultured with other groups of microorgan-
isms. These characteristics provide overall advantage over
unicellular microorganisms such as bacteria, yeasts, and algae,
due to easier biomass recovery from the medium, lower sub-
strate specificity, higher substrate bioavailability, and poten-
tial for wider range of processes. They also provide advantage
over physicochemical processes for wastewater treatment
since value-added products can be produced, potentially with
comparatively lower energy and chemical consumption.
Mimicking the dominant role of filamentous fungi in, e.g.,
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natural nutrient cycles, can actually lead to a paradigm shift
where organic and inorganic matter, with potential negative
environmental impacts, are viewed as opportunities to attain a
sustainable circular society.

The potential of filamentous fungi in pollution mitigation
has been reviewed in a high number of high-quality scientific
reviews; however, it has been done in a compartmentalized
fashion. Researchers have been providing an overview of the
achievements using filamentous fungi when grown in ordi-
nary sidestreams (e.g., sidestreams from food industries rich
in carbohydrates, proteins, minerals, etc.), or on the potential
of filamentous fungi for removal of micropollutants present in
wastewaters or WWTP-derived effluents. Considering the
multidimensional role that filamentous fungi can play in pol-
lution mitigation, knowledge integration among different ap-
plication matrices is crucial in order to build new and cost-
effective processes, centered on a holistic approach. Such
knowledge integration and holistic proposal are the overall
aims of the present review.

Filamentous Fungi
Distinctive Properties

Filamentous fungi are ubiquitous in nature, with an important
role in maintaining the ecosystems’ status quo through de-
composition of organic matter, nutrient recycling, and symbi-
otic interactions [12]. Filamentous fungi are phylogenetically
diverse; however, members of three groups, namely ascomy-
cetes, basidiomycetes, and zygomycetes, are mostly found in
association with pollution mitigation research studies, or com-
mercial exploitation [18], using high-quality medium recipes.
Their dominant ecological role, extensive use in research, and
commercial exploitation are related to the macroscopic fila-
mentous growth, phylogenetic diversity, array of extracellular
and intracellular enzymes, range of potential value-added
products, production of surfactants, cell wall sorption, and
synergistic possibilities in co-culture approaches.

In addition to filamentous fungi, bioconversion can be car-
ried out with bacteria, yeasts, and algae. However, in view of
the macroscopic filamentous structure which is easily recov-
erable from the medium, processes using filamentous fungi
are economically less sensitive to the choice of cell mass re-
covery strategies. Recovery of the filamentous mass can be
accomplished by simple sieving, while, e.g., energy-intensive
centrifugation is needed if other microbial groups are used.
For instance, recovery of microalgal biomass is one the big-
gest bottlenecks for feasibility, and the use of filamentous
fungi to induce flocculation and easier recovery has been in-
vestigated [19]. Consequently, processes involving filamen-
tous fungi benefit from easier extraction of value from bio-
mass, and from the reduction of COD, medium viscosity [3],



Curr Pollution Rep (2020) 6:295-309

297

and production of sludge [20]. Furthermore, the filamentous
structure increases the contact surface area to potential sub-
strates [21] and provides the mechanical strength necessary
for hyphal penetration, increasing overall access to nutrients.
This provides the capability of filamentous fungi to penetrate
soil and complex substrates such as lignocellulosic residues
[22+, 23], and access micropollutants present at very low con-
centrations, deposited on sediments, or in complexes with
particulate matter [24]. The production of surfactants contrib-
utes further to the bioavailability of substrates present at low
concentrations [25]; this is of especial importance for removal
of micropollutants since their concentrations can range from
the scale of nanograms per liter to milligrams per liter [16e¢].

Hyphal extension and branching result from the assimilation
of nutrients and co-production of needed extracellular and in-
tracellular enzymes. Extracellular enzymes can include inver-
tases, amylases, proteases, pectinases, cellulases, xylanases,
lignin-modifying enzymes (oxidoreductases, namely laccases
and peroxidases), keratinases, lipases, among others. The vari-
ety of extracellular enzymes provides growth versatility to fila-
mentous fungi and their growth has been reported in an exten-
sive range of industrial sidestreams containing sucrose, starch,
protein, lignocellulose, keratin, and fat [14, 15, 23, 26]. Lignin-
modifying enzymes are actually behind the research boom on
the use of filamentous fungi for removal of micropollutants.
Due to their low substrate specificity, lignin-modifying en-
zymes have been investigated for the removal of the main
groups of micropollutants present in effluents from WWTPs
or in aquatic and terrestrial ecosystems [27, 28¢]. Extracellular
enzymes can lead to the conversion of complex substrates into
single-unit compounds that can then enter the cell to follow
intracellular metabolism, or to the detoxification of
micropollutants that can enter (or not) into intracellular meta-
bolic routes [29]. Clearly, filamentous fungi are also a source of
a wide range of intracellular enzymes that may or may not work
in tandem with extracellular enzymes. In addition to the cata-
bolic reactions, responsible for using compounds as energy and
carbon sources and common to all microorganisms, filamen-
tous fungi produce intracellular enzymes of especial interest for
conversion of micropollutants, namely cytochrome P450
monooxygenases, epoxide hydrolases, and various transferases
[27]. Following intracellular conversion, micropollutants can
either be stored within the cell or secreted to the surrounding
medium [29], where they can be further degraded by other
microorganisms [27], similarly to natural nutrient cycles. Yet,
cell wall accounts for a great fraction of the fungal biomass and
its importance for sorption of micropollutants such as heavy
metals is well documented in the literature [30]. It is important
to mention, however, that extracellular and intracellular en-
zymes, cell wall, and surfactants can work in tandem for the
removal or detoxification of micropollutants, where the type of
micropollutants and fungal strain dictates their contribution lev-
el [16ee, 31].

The momentum of filamentous fungi towards symbiotic
associations in nature has also been brought to research ap-
proaches, where synergistic mechanisms were reported during
co-culture of different strains of filamentous fungi or of these
with bacteria, algae, and plants [32-34]. This is of especial
relevance for removal of micropollutants in microbial hetero-
geneous wastewaters and ecosystems, and for process optimi-
zation (e.g., easier recovery of algal biomass as
aforementioned).

A Paradigm Shift for Pollution Perception?

Industries and households release a wide range of compounds
that can lead to environmental, social, economic, and health
consequences in the absence of efficient treatment processes.
The range of strains, enzymes, and products identified to date
points out the potential of filamentous fungi to assimilate,
detoxify, or degrade most of (if not all) these compounds, as
well as to produce a wide range of products with anthropo-
genic applications. Therefore, sidestreams and wastewaters
from industries, municipalities, and WWTPs, rich in organic
and inorganic nutrients, can be directed into filamentous fun-
gal processes for production of value-added products and eas-
ier clean water reclamation (Fig. 1). The role of filamentous
fungi in nature has been transferred into industries for produc-
tion of, e.g., organic acids, antibiotics, enzymes, and human
fermented foods, using high-quality medium recipes [18].
Transferring further their capabilities into the use of low-
value sidestreams and wastewaters as growth recipes could
lead to a paradigm shift regarding the perception of environ-
mental pollution related to anthropogenic activities. To this,
the intensification of the development of efficient processes
driving sidestreams and wastewaters away from the environ-
ment in parallel with in situ or ex situ bioremediation of pol-
luted sites needs to become a reality.

Nonetheless, the composition of ordinary sidestreams and
that of wastewaters are dissimilar leading to different chal-
lenges during the path towards feasible processes. Ordinary
sidestreams are leftovers from removal of the main product
targeted by the industry and are generally related to processing
of renewable feedstocks. Therefore, these sidestreams are rich
in carbohydrates, proteins, minerals, fat, etc. that can be con-
verted to value-added products by filamentous fungi.
Respiration leads to, e.g., the production of cell mass and a
wide range of organic acids, while the fermentative pathway
can lead to ethanol production. These sidestreams can contain
more than 10% total solids, and through process development,
high concentrations of value-added products can be achieved.
The main bottlenecks for economic process development are
thought to be related to finding the right combination of side-
stream, filamentous fungus, and desired value-added product.
For instance, if organic acids are envisaged, high conversion
yields are necessary in order to cope with the recovery and
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Fig. 1 Overall scheme of the role
filamentous fungi can play in
pollution mitigation. Through
conversion of industrial
sidestreams and removal of
micropollutants, value-added
products and clean water can be

Enzymes
obtained that can re-enter Organic acids
anthropogenic activities. Alcohols
Therefore, a sustainable circular Fungal biomass
society can be realized together ll-fzz‘(ii
with a paradigm shift on the Clean water

perception of pollution mitigation

Nanoparticles
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\ Etc.

purification costs, while competing with baker’s yeast capa-
bility to produce and tolerate ethanol is a challenging task.
Naturally, other factors such as reactor design, aeration,
mixing, and any other supplements such as pH adjustment
chemicals or nutrients also play a role in the process economy.

Wastewaters have a completely different composition,
where hormones, hydrocarbons, dyes, heavy metals, etc. can
be found. Right at the beginning, wastewaters have several
disadvantages in comparison with ordinary sidestreams,
namely the lack of commonly use carbohydrates by filamen-
tous fungi and nitrogen sources, and the compounds present
are at very low concentrations. Altogether, energy and addi-
tional nutrients are spent to provide proper conditions for re-
moval of micropollutants, while low concentrations of bio-
mass and enzymes, the only products possible, are obtained.
Therefore, at first glance alternatives are needed to find low-
cost additional nutrients, high-value applications for the bio-
mass, and processes that attain high-rate removal of
micropollutants. These aspects are taken into consideration
during the discussion that follows centered on a holistic ap-
proach. Efforts were made to propose as many strategies as
possible for integration of valorization of ordinary sidestreams
with removal of micropollutants from wastewaters by fila-
mentous fungi.

Filamentous Fungal Biomass—the Silver Lining for
Feasible Processes?

Filamentous fungal biomass is always generated independent-
ly of the intended valuable product to be produced (Fig. 1).
The contribution of filamentous fungi to COD reduction of
sidestreams is given by the assimilation of nutrients originat-
ing a macroscopic filamentous structure easily recovered from
the medium. Therefore, it is the utmost importance to find
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end-uses for the produced biomass to avoid landfilling or in-
cineration and contribution to gas emissions and leachates.
Biorefining of fungal biomass is presently a need in view of
the huge amounts of biomass produced at commercial-scale
from established filamentous fungus-based processes [35].
For instance, the annual worldwide production of citric acid
is estimated to give rise to 300,000 tons of fungal mycelium
[36].

Increasing interest has been given to the nutritional quality
of the filamentous fungal biomass in line with commercial
exploitation for production of human food products. Several
ascomycetes (e.g., Neurospora intermedia, Aspergillus
oryzae, Monascus purpureus, and Fusarium venenatum) and
zygomycetes (e.g., Rhizopus oryzae, Rhizopus oligosporus,
Rhizopus microsporus var. oligosporus) filamentous fungi
have been used for production of fermented foods, being rec-
ognized as GRAS (Generally Regarded As Safe) microorgan-
isms [14, 15, 37] (Table 1). Their GRAS status is a suitable
starting point for consideration of fungal biomass for feed
applications. Fungal biomass grown in several different low-
value sidestreams has been found to contain 40-60% protein,
as well as profiles of amino acids and polyunsaturated fatty
acids similar to those in fishmeal and soybean meal, presently
the main protein sources for animal feed. Nonetheless, the
entanglement of filaments with suspended matter might influ-
ence the final protein content of the sieved product [47]. This
can have both positive and negative implications: recovered
mixed fungal biomass with suspended solids from liquid side-
streams might lead to a product with lower protein content in
comparison with that of pure fungal biomass, whereas recov-
ered mixed fungal biomass with fibrous solid sidestreams can
lead to the valorization of their protein content due to the
replacement of, e.g., sugar in the fibers by protein-rich fungal
biomass. In addition, the cell wall of fungal biomass,
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Table 1  Examples of Generally Regarded As Safe (GRAS) strains of filamentous fungi, protein contents of filamentous fungal biomass grown in
different low-value substrates, and of main outputs obtained during the use of filamentous fungal biomass in animal feed

A: Examples of GRAS strains of filamentous fungi

Strain Reference
Aspergillus oryzae var. oryzae CBS 819.72 [38]
Aureobasidium pullulans NRRL-Y-2311-1 [39]
Fusarium venenatum ATCC 20334 [38]
Fusarium venenatum NRRL 26139 [39]
Monascus purpureus CBS 109.07 [38]
Neurospora crassa NRRL 2710 [39]
Neurospora intermedia CBS 131.92 [38]
Paecilomyces variotti NRRL 1115 [39]
Trichoderma reesei NRRL 3653 [39]
Rhizopus delemar CBS 145940 (formerly “RM4”) [40]
Rhizopus microscoporus var. oligosporus NRRL 2710 [39]
Rhizopus microscoporus var. oligosporus ATCC 22959 [41]
Rhizopus microsporus var. oligosporus CBS 112586 [42]
Rhizopus oryzae CCUG 28958 [43]
Rhizopus oligosporus NRRL 2710 [44]
Mucor circinelloides f. lusitanicus CBS 277.49 [45]
B: Protein content
Filamentous fungus and substrate Protein content (% dry weight) Reference
Various zygomycetes strains in semi-synthetic medium 47-63 [40]
Rhizopus microsporus var. oligosporus in vinasse 49.7 [41]
Various ascomycetes and zygomycetes in stillage 48-56 [38]
Rhizopus oligosporus in stillage 43 [46]
Various ascomycetes in expired dairy products 3040 [47]
Neurospora intermedia in pretreated wheat straw 51.6 [48]
C: Main outputs from animal feeding studies
Study condition Main output Reference
Rhizopus oryzae biomass, grown in spent sulfite liquor, Normal feed intake; no significant differences [49]

was included at 30% in the feed recipe for Arctic in digestibility

charr and Eurosian perch
Rhizopus oryzae biomass, grown in spent sulfite liquor, Minor mortality; improved muscle fatty acid profile; [50]

was included at 40% in the feed recipe for Artic charr

Neurospora intermedia, grown in stillage, was included
at 30% in the feed recipe for broiler chickens

higher level of monounsaturated fatty acids
and polyunsaturated fatty acids

No significant difference in feed intake and final body
weight; positive effects in immune responses and
in gut microbiota modification

[51]

according to the phylogenetic background, can contain chito-
san, chitin, and (3-glucans, with proven immunostimulant ac-
tivities when used in feed recipes [52]. Promising results were
obtained when fungal biomass originated from cultivation in
different low-value substrates was included in animal feed
recipes (Table 1). Furthermore, chitin and chitosan have been
receiving increasing interest due to potential applications in
pharma, cosmetics, bioplastics, biopolymers, biocomposites,
and agricultural sectors [35]. More recent proposed applica-
tions for fungal biomass include its use for the production of
supercapacitors [35] and construction bricks [53] and, if
grown in heavy metal-rich media, it can become a potential

source of environmentally friendly nanocatalysts and nano-
particles with application in, e.g., chemical industries,
micropollutant removal approaches, and immobilization-
based enzymatic and whole-cell systems [54, 55¢].

At first glance, the use of non-food-grade filamentous fungi
might reduce the range of potential products from the bio-
mass, and add focus to other products produced during the
process (Fig. 1). However, both cell wall and protein fractions
can be used for production of polymers and biocomposites
[35], which can have a wide range of applications without
entering the human chain. Moreover, as genomes of different
filamentous fungi are continuously been made available, it
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might reveal absence of allergen-coding genes and therefore
widen potential applications. One more potential application
of residual fungal biomass, proposed by the authors, is its use
as nutrients, similarly to the role played by yeast extract. This
can be of especial interest for processes aiming at removal of
micropollutants, where addition of nutrients is a limiting fac-
tor [12]. Naturally, the use of fungal biomass as nutrients can
be extended to processes on valorization of sidestreams where
nutrient supplementation is compulsory [56]. One example is
spent sulfite liquor, a sidestream from paper and pulp mills,
that needs supplementation for proper fungal growth [57].

Altogether, the establishment of a sub-biorefinery sur-
rounding filamentous fungal biomass can greatly contribute
to the feasibility of filamentous fungus-based processes, and
this research line should be motivated in the future.

Filamentous Fungal Cultivation Process

Similar to their presence in both aquatic and terrestrial ecosys-
tems, filamentous fungi have been cultivated in high water
activity (submerged cultivation) and low water activity (sol-
id-state cultivation—the term “solid-state fermentation” is
commonly used, however, due to the aerobic character of
the process, the term “cultivation” is used herein). Solid-
state cultivation has been extensively studied for, e.g., produc-
tion of enzymes (e.g., lignocellulose-degrading enzymes)
[58-61] and pigments [62], for the valorization of substrate
nutritional value (e.g., protein content) [63], and as a pretreat-
ment step of lignocellulosic materials for further biorefining
[23]. Nonetheless, solid-state cultivation is difficult to scale up
and it still lacks the variability of reactor designs available for
submerged cultivation. Solid-state cultivation is presently
used for production of soybean-based fermented foods and
mushrooms; however, it is characterized by small-scale pro-
duction with simple equipment [64]. It is of the understanding
of the authors that until a remarkable development is attained
in the scale-up of solid-state cultivation, it is not a viable
option for meeting the enzyme demands of various industrial
sectors or for the removal of micropollutants in wastewaters
produced at cumbersome volumes, despite being a strategy
commonly used in research. Low water activity processes
might however be a strong asset in the investigation of remov-
al of micropollutants present in terrestrial ecosystems, or for
the small-size valorization of solid wastes (e.g., apple pom-
ace). Inversely, commercial-scale processes applying sub-
merged cultivation of filamentous fungi are presently avail-
able supplying enzymes, antibiotics, organic acids, human
food products, among others [13, 65]. It should be noted,
however, that these processes are normally characterized by
the use of high-quality medium recipes [18].

The successful growth of filamentous fungi, as for other
microbial groups, is attained by reuniting a range of proper
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conditions including medium composition, physicochemical
cultivation conditions, and reactor design. Based on the
growth characterization of filamentous fungi in diverse sub-
strates, finding an adequate cultivation medium should not be
considered a hurdle. High C/N ratio cultivation medium, such
as spent sulfite liquor from paper and pulp industry, can be
balanced by, e.g., mixing with protein-rich substrates such as
fish processing wastewater to reach C/N ratios of 4 to 20. Fish
processing wastewater can also be a rich source of minerals
[66], which are important for proper enzyme activity.
Substrate mixing has widely been used in anaerobic digestion
towards biogas production in order to attain adequate C/N
ratio and concentration of various compounds for proper bac-
terial activity [67—69]. However, it has not been widely ex-
plored for submerged cultivation of filamentous fungi. One
example includes the work carried out by Nair et al. [70]
during a research approach for integration of substrates used
for production of first- and second-generation ethanol, namely
sidestreams from ethanol production from starch and lignocel-
lulosic materials, respectively. The proposed strategy would
avoid the supplementation of the cultivation medium with
costly nutrients that might also entail an environmental foot-
print. As aforementioned, the use of fungal biomass extract
could provide another alternative to high-quality nutrients
[71]. The medium recipe can, however, dictate the growth rate
of filamentous fungi. If enzyme production is not envisaged,
the growth rate in media containing proteins, fat, and disac-
charides, such as sucrose or lactose, can be steered by the
addition of extracellular enzymes, while the growth on ligno-
cellulosic materials can be steered by carrying out energy- and
chemical-intensive pretreatment followed by enzymatic hy-
drolysis. However, pretreatment-derived inhibitors might ren-
der nutrient supplementation compulsory [56]. Other growth-
influencing parameters naturally include pH, temperature, and
dissolved oxygen, which might have an impact on the cost-
effectiveness of the process. Filamentous fungi are character-
istically acidophilic growing within pH 4-5.5, at temperatures
within 27-37 °C, and keeping dissolved oxygen saturation of
20% is advised under aerobic conditions. Naturally, variations
can occur based on, e.g., fungal strain, fungal inoculum prep-
aration, medium composition, and aerobic vs anaerobic char-
acter of the process.

Despite its importance for growth on complex substrates
such as lignocellulosic materials, or superior access to
micropollutants, fungal morphology can constitute a major
bottleneck in submerged cultivation [72]. All cultivation pa-
rameters (medium composition and physicochemical parame-
ters), including reactor design, influence fungal morphology
that can take the form of mycelial suspensions with filaments
evenly distributed throughout the medium, pellets, or clumps
[72]. In turn, fungal morphology can dictate the type and
concentration of products, and greatly influence medium rhe-
ological characteristics. Pellet morphology is generally
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preferred for biotechnological applications due to reduced me-
dium viscosity, easy cell recycle, and wider choice of reactor
designs [73e¢]. For instance, bubble columns and airlift biore-
actors are generally preferred for cultivation of filamentous
fungi, due to their simple inner structure free of spare parts,
in comparison with stirred-tank bioreactors, where filaments
can be attached to the spare parts and impair heat and mass
transfer rates; pellet morphology can however facilitate the
use of also stirred-tank bioreactors. Other bioreactor designs
can be found coupled to the removal of micropollutants from
wastewaters such as of the fluidized bed type, whereas hybrid
bioreactors such membrane bioreactors have been, more re-
cently, applied to both valorization of ordinary sidestreams
and removal of micropollutants from wastewaters [73e°].
Nonetheless, pellet texture (e.g., compactness vs fluffiness)
and size influence mass and heat transfer rates and therefore
cultivation performance. Furthermore, maintaining pellet tex-
ture and size is a hurdle in submerged cultivations [73e¢].
Altogether, if pellet morphology is identified as having a de-
termining impact on process performance, it will delay pro-
cess development since strain- and process setup-tailored mor-
phology optimization is necessary. For instance, higher shear-
ing rates will increase the probability of pellet formation; how-
ever, it might not hold true for all strains, different pellet tex-
tures will be produced among different strains, and other pro-
cess parameters will co-influence morphology.

Filamentous Fungi in the Valorization
of “Ordinary” Sidestreams

Agricultural and forestry practices and industrial process-
ing of mostly plant-based renewable feedstocks give rise
to various sidestreams of variable moisture and composi-
tion. These range from, e.g., straw left on the fields to,
e.g., bagasse, peels, and various liquid streams at the in-
dustrial sites [14, 15]. In general, substrates left on the
fields are burnt, used for silage or directly for animal feed,
while industrial streams have been used for energy recov-
ery through, e.g., combustion; for production of animal
feed; and for the production of biogas and fertilizer via
anaerobic digestion [2]. In the absence of valorization
strategies, the streams can join the municipal solid waste
and ultimately landfilling, informally discarded into the
environment, or directed to wastewater treatment. In view
of their composition rich in, e.g., carbon, nitrogen, and
mineral sources, all these streams are considered available
for filamentous fungal bioconversion. The situation might
not hold true for municipal waste where proper separation
at source plays a role, and anaerobic digestion and
compositing are well-established management processes

[2].

Nowadays, the growth of filamentous fungi using a variety
of sidestreams has been reported. This diversity can be found
in available reviews [3, 14, 15, 18]. In addition to their diver-
sified enzyme network, filamentous fungi are capable of con-
suming both pentose and hexose sugars and demonstrate high
inhibitor resistance, of particular interest for valorization of
lignocellulosic materials [74-76].

The production of a similar range of products to that pro-
duced in large-scale filamentous fungal processes has been
investigated using low-value streams. However, to the best
of our knowledge, no industrial processes are presently avail-
able. This is hypothesized to be due to, e.g., an unbalance
between substrate range investigated and in-depth substrate-
tailored studies including fungal morphology control and pro-
cess scale-up, and to the lack of academic-industrial integra-
tion that motivate general perceptions to be the benchmark
while evaluating the cost-effectiveness of a given process.
For instance, 1st-generation ethanol plants using mostly corn
and wheat grains and sugarcane as feedstocks apply an
energy-intensive process to evaporate and dry its ethanol
distillation-derived leftovers for animal feed [74]. Through
cultivation of Neurospora intermedia in wheat-derived thin
stillage, the liquid fraction remaining after centrifugation of
the leftovers known as stillage, extra 5 g/l of ethanol was
produced [77]. If considered as an isolated academic work,
such ethanol production is not relevant since a low limit of
4-4.5% is normally considered for cost-effective recovery and
purification. However, integration of this fungal cultivation
into a facility possessing distillation columns for ethanol re-
covery and dryers for animal feed renders ethanol concentra-
tion limit obsolete and can lead to a yearly ethanol production
improvement of 5.5%, based on a facility producing
200,000 m* of ethanol per year [77], energy savings due to
reduced medium viscosity [78], and lower environmental im-
pact [79]. A similar reasoning has been applied to corn-
derived stillage [46] and vinasse [37, 41, 80], the counterpart
from sugarcane-based ethanol production using the ascomy-
cetes Neurospora intermedia and Aspergillus oryzae, and the
zygomycetes Rhizopus oryzae and Rhizopus oligosporus, all
GRAS filamentous fungi. The process development on culti-
vation of filamentous fungi in sidestreams originated after
ethanol production and separation, using starchy materials,
has been reported at bioreactor scales of up to 1600 L. It is
believed that such process-tailored approaches can open more
filamentous fungus-based processes for valorization of indus-
trial sidestreams. This is of especial importance for sugarcane-
based sugar and ethanol industries, presently struggling with
more restrict laws on direct land use and environmental dis-
charges of vinasse [81]. However, there is a need for studies
reporting fungal morphology control in low sidestreams, bio-
engineering studies identifying and proving crucial process
scale-up parameters, and intensified techno-economic and
life-cycle assessment studies.
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Filamentous Fungi in the Removal
of Micropollutants

An increasing range of micropollutants is being detected in
aquatic, terrestrial, and aerial (due to volatilization) ecosys-
tems [24], which can adversely affect the health of all life
forms [6°]. Micropollutants derive from improperly treated
industries, hospitals, and households’ wastewaters [6°], infor-
mal disposal, landfill and agricultural runofts, spills [17, 82,
83], incomplete combustion, etc. [84]. Micropollutants can
include heavy metals, pharmaceutically active compounds,
aliphatic and polycyclic aromatic hydrocarbons, pesticides,
hormones, surfactants, textile dyes, and personal care products
[6, 17, 85, 86]. In an attempt to remove these micropollutants,
conventional WWTPs have been complemented with ad-
vanced physicochemical processes. These include advanced
oxidation processes, membrane filtration, precipitation, floc-
culation, irradiation, adsorption, and chemical oxidation such
as Fenton’s oxidation, or a combination thereof, that is, hybrid
systems [6¢]. Nonetheless, these processes are costly, highly
specific, inefficient, and lead to high production of sludge and
formation of toxic side-products.

Biodegradation, using, e.g., filamentous fungi, has been
considered a potential cost-effective and environmentally
friendly alternative to physicochemical advanced processes
[6°]. The discovery of the low substrate specificity of lignin-
modifying enzymes from white-rot basidiomycetes fungi led
to a research boom on the use of these filamentous fungi or
their enzymes for removal of a wide range of
micropollutants. A comparatively much lower focus has
been given to zygomycetes and ascomycetes, as well as on
the role of intracellular enzymes in fungal bioremediation.
The scientific literature is rich in review works dedicated to
lignin-modifying enzymes, that is, oxidoreductases [6¢, 12,
1622, 87¢, 88], and to the overall review of the use of filamen-
tous fungi or their enzymes for the bioremediation of poly-
cyclic aromatic hydrocarbons [17, 87+, 89], pharmaceutical-
ly active compounds [90+¢], pesticides [33, 90+°], insecti-
cides [91, 92], dyes [33, 86], hormones [93], and heavy
metals [21, 30, 85], together with a description of the conver-
sion pathways. Furthermore, substantial knowledge has
been acquired on fungal morphology and coupling white-
rot fungi or their enzymes with various reactor designs
[16°2, 73] as well as on the synergistic effect of using co-
culture strategies [22¢], or combining white-rot fungi with
nanomaterials [55¢]. Despite the extensive amount of work
carried out and knowledge available, no commercial appli-
cation of white-rot fungus-based processes, or using other
fungi or enzymes, for removal of micropollutants from
WWTPs’ wastewaters or effluents, and aquatic and terrestri-
al ecosystems, is presently known. A discussion on the main
bottlenecks for application is provided in the following sec-
tions and future research avenues presented in Table 2.
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Table 2 Proposed future research avenues on the use of filamentous
fungi for pollution mitigation

A: Filamentous fungi in the valorization of “ordinary” sidestreams

* Processes should aim for products for which equipment is already in
Place: this will increase the rate of development based on integration
approaches instead of single processes

* Decision on potential should be a result of intersectoral collaboration
instead of commonly used bench marks (e.g., a low limit of 4% ethanol
might not be needed in all cases)

* Assimilation of nutrients with filamentous fungi does not normally
reach 100%: interdisciplinary approaches should be motivated in order
to increase nutrient conversion yields

* Anaerobic digestion and wastewater treatment of sidestreams are
commonly applied: research studies need to demonstrate the impact on
these processes by including a pre-cultivation with filamentous fungi

* The extensive knowledge on fungal morphology needs to be brought
to sidestreams containing solids: using only the liquid fraction might
be possible if economically feasible

* Filamentous fungus-using processes based on intersectoral
collaboration, techno-economic analysis, and life-cycle assessment
need to become standard: this will widen the range of potential
processes and provide information on the hotspots needed to be in
focus in following research studies

B: Filamentous fungi in the removal of micropollutants

* The use of omics technologies need to be widespread regarding
ecosystem and wastewater origin: if integrated with the development
of analytical systems can reveal useful microorganisms or consortia,
and increase the rate of description of transformation pathways for
micropollutants and related potential toxicity

* Omics technologies should also be employed in in situ and ex situ
bioremediation approaches of aquatic and terrestrial ecosystems: this
will reveal the impact of bioaugmentation and biostimulation strategies
on ecosystem community

* If removal of micropollutants from wastewater under nonsterile
conditions becomes possible, omics technologies should also then be
employed to reveal microbial community development, transformation
pathways and related toxicity

o It is defended that reactor design development and scale-up should
include an interdisciplinary approach combining knowledge on the
growth of filamentous fungi and selectivity towards micropollutants
with the development of brane systems: this can reach
complementing selectivity towards micropollutants, removal of
bacteria, avoidance of mycelium and enzyme washout, and cultivation
under nonsterile conditions a reality

* Valorization of “ordinary” sidestreams and micropollutant-rich
wastewaters should be considered as integrated processes:
knowledge sharing can tackle growth morphology bottlenecks, the
need of fresh biomass and nutrients, and extend considerably the
economic value of fungal biomass through biorefining

Filamentous Fungal Strains and Consortia

Removal of micropollutants by white-rot fungi and their
enzymes has received dominant attention by the research
community, translated in a high number of dedicated re-
views. However, their transfer to real matrices, that is,
WWTP effluents, and polluted aquatic and terrestrial
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ecosystems, is difficult and poorly investigated [16ee, 88].
This has been assigned, among other aspects, to the exis-
tence of complex microbial networks that are directly or
indirectly related to the bioremediation of micropollutants
where white-rot fungi might not prevail [27]. Indeed, mo-
lecular techniques have revealed that filamentous fungi be-
longing to the Basidiomycota phylum play an inferior role
in bioremediation in polluted environments in comparison
with that of members of the phylum Ascomycota and sub-
phylum Mucoromycotina. Furthermore, intracellular me-
tabolism seems to play a major role in the bioremediation
of, e.g., polycyclic aromatic hydrocarbons by these autoch-
thonous fungi; however, the pathways are poorly under-
stood [27]. Besides, some authors highlighted the value of
laccase-producing marine filamentous fungi [28<] and of
anaerobic filamentous fungi [94], also poorly investigated.
Several studies in the literature have also shown synergistic
behavior among different strains of filamentous fungi or of
their combination with bacteria and plants for removal of
micropollutants [32, 95]. Yet, the expression of nonspecific
lignin-modifying enzymes by basidiomycetes needs
ligninolytic conditions and the presence of lignocellulosic
materials, which might not prevail in polluted environments
[27]. Therefore, the establishment of white-rot fungi pro-
cesses for ex situ and in situ bioremediation of aquatic and
terrestrial ecosystems needs characterization of the impact
in the present community and interaction with autochtho-
nous microorganisms. On the other hand, we hypothesize
that, in the current situation, characterized by weak knowl-
edge on microbial community and synergism, bioremedia-
tion of WWTP effluents with white-rot fungi may be only
possible if cost-effective conditions are met allowing steril-
ization, or if the development of membrane bioreactors sys-
tems is mastered.

The development and increased focus on “omics” technol-
ogies is hypothesized as being the new silver lining within
bioremediation [27, 94, 96]. “Omics” technologies will pro-
vide a more complete description of microbial networks relat-
ed to the removal of micropollutants and of the impact of
applying bioaugmentation and biostimulation approaches.
Therefore, it can possibly clarify if white-rot fungi are the
suitable approach for process development and help to iden-
tify tailored consortia for removal of micropollutants in sev-
eral contaminated sites, both ecosystems and wastewaters.
This might open the route for tailored in situ and ex situ bio-
remediation processes. Omics analyses should be carried out
in as many marine and terrestrial ecosystems, including indus-
trial wastewaters and WWTP effluents, as possible since mi-
crobial communities have evolved in order to tackle a toxic
environment. This will contribute to a comprehensive charac-
terization of the microbial community, unveil potential micro-
organisms or consortia for removal of micropollutants, and
increase the application of bioremediation processes.

Identification of Micropollutants and Transformation
Products

Chemical industries are based on the synthesis of an increas-
ing range of products, hence the increasing range of
micropollutants accumulating in the environment. This vari-
ability makes difficult a comprehensive knowledge on the
type of micropollutants existing in nature and escaping from
conventional WWTPs. The problem is exacerbated by the fact
that awareness on the existence of micropollutants is relatively
new and lacks efficient analytical methods [97]. Furthermore,
the studies involving removal of micropollutants by filamen-
tous fungi or their enzymes give rise to a variability of trans-
formation pathways and a comprehensive knowledge on the
transformation products is not presently available [27]. This is
of utmost importance since some transformation products can
actually be of higher toxicity than their parental compounds
[98]. Accumulation of micropollutants in nature is a continu-
ous process if efficient prevention methods are not put in place
and a global efficiency is not envisaged in the near future. The
development of efficient analytical techniques should be an
integrated process among governmental organizations,
micropollutant-emitting industries, academia, and WWTPs
in order to obtain a comprehensive profile of micropollutants
reaching WWTPs as well as of those already present in nature.
Naturally, this knowledge will also help to identify microbial
processes, based on single strain or consortia, as fully envi-
ronmentally friendly. It is also defended that an integrated
knowledge of the profile of micropollutants in several matri-
ces with the knowledge from omics techniques can reveal
relationships among micropollutants and adaptation of micro-
bial communities, together with deep knowledge on transfor-
mation pathways.

Medium Supplementation

The expression of lignin-modifying enzymes is not character-
istically constitutive, but rather co-metabolic [16°°].
Filamentous fungi able to use micropollutants as single carbon
and nitrogen sources have not been widely reported [94].
Hence, the medium has normally to be supplemented with car-
bon and nitrogen sources to induce bioremediation [99]. This
increases the cost of processes and production of sludge for
application at WWTPs, and becomes process transfer to aquatic
and terrestrial ecosystems rather difficult. The costs of the pro-
cess can possibly be reduced if fungal biomass extract is used as
nitrogen source. Such strategy has previously been reported,
where zygomycetes fungal isolate replaced yeast extract in the
production of ethanol and chitosan from glucose [71]. This
could provide a valorization route for the fungal biomass pro-
duced by established commercial facilities or future processes
leading to the valorization of “ordinary” sidestreams.
Filamentous fungal biomass contains polysaccharides such as
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chitosan, chitin, and (3-glucans; however, it remains to be re-
vealed if such carbon sources can aid bioremediation.
Alternative carbon sources other than refined glucose can po-
tentially be provided by industrial sidestreams such as spent
sulfite liquor, rich in monomeric sugars [57]. The potential of
these proposed research avenues will depend on the impact on
sludge production and wastewater treatment as well as on the
possibility of establishing networks of ordinary sidestreams
producers and wastewater treatment units, where distance will
also play a role. There is also a need of classification of side-
streams into those aimed for bioremediation, focused on remov-
al of micropollutants, and those aimed for valorization into
products, for integration into anthropogenic activities. For in-
stance, paper and pulp and olive oil industries generate side-
streams that have been considered in both perspectives.

Growth Morphology

Pellet morphology is normally preferred for biotechnological
applications. Inducing pellet morphology during cultivation with
filamentous fungi has been accomplished in several works [73e],
and comprehensive reviews are available in the literature [73ee,
100, 101]. The limitations are related to the texture (fluffiness vs
compactness), size, and maintenance of suitable pellet morphol-
ogy during cultivation. Fungal morphology is a very complex
research area, where in principle cultivation setups found suitable
might not be extrapolated into other systems employing different
strains and cultivation recipes. Therefore, it all leads to the need
of tailored process development. However, the fact that sub-
merged cultivation of filamentous fungi is presently employed
at the industrial scale [18], studies reporting morphology control
[102] are available, and morphological engineering techniques
[103] are gathering increasing interest, points out a promising
future within sidestream valorization or wastewater remediation.
It is defended, however, that knowledge integration is needed
among both dimensions towards pollution mitigation to trigger
faster process development. There is a substantial amount of
knowledge acquired during submerged cultivation of filamen-
tous fungi towards production of value-added products from
high-quality medium recipes or sidestreams that can be brought
into research on bioremediation of micropollutant-rich wastewa-
ters and vice-versa.

Whole-Cell Biocatalysts vs Enzymes

Media containing high levels of micropollutants can become
inhibitory to filamentous fungi and medium dilution is not attrac-
tive from a cost-efficiency point of view, or impractical in in situ
bioremediation. Accordingly, isolated enzymes from white-rot
fungi in either pure or crude form have extensively been used
for removal of micropollutants [104]. The main drawbacks in-
clude the absence of cost-effective processes for production of
these enzymes, in the context of application in bioremediation
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processes, and concerns on application in aquatic and terrestrial
ecosystems [16¢¢]. Moreover, since removal of micropollutants
can be a result of integrated contribution of cell wall adsorption,
and extracellular and intracellular enzymes, the use of whole-cell
biocatalysts might provide a broader range of micropollutants
that can be removed/detoxified [104].

Immobilization has been investigated in order to enhance
recycling and stability of enzymes and cell washup [12, 30]. In
a broader perspective, there are no commercial processes
employing immobilization strategies, and therefore, their use
in the removal of micropollutants is doubtful. However, cost-
effectiveness of the process could gain from the use of chito-
san, originated from fungal biomass from established com-
mercial processes or routes leading to valorization of “ordi-
nary” sidestreams, or from nanoparticles produced from fun-
gal biomass grown in heavy metal-rich media; both have been
used in immobilization [12]. Furthermore, pellet morphology
is regarded as natural immobilization and rigid morphology
control and washup avoidance could offset the interest on
other immobilization strategies.

Reactor Design and Scale-up

Several reactor designs have been developed in parallel with
fungal morphology studies and some interesting alternatives
presently exist [73¢]. Studies using filamentous fungi for the
removal of micropollutants have been reported at reactor scale
of up to 10 L, where the use of fluidized-bed bioreactors
dominates [16¢, 73¢]. Other reactor designs used for removal
of micropollutants include bubble column, airlift, and stirred-
tank bioreactors, and hybrid reactors such as membrane bio-
reactors [73e¢]. It is defended in this review, that efficient
control of fungal morphology together with membranes, that
is, membrane bioreactors could open up further possibilities
for process development. Membranes would function as a
complement to all characteristics of filamentous fungi needed
for efficient removal of micropollutants, since they are selec-
tive barriers [105]. Indeed, the only example of application of
filamentous fungi for removal of micropollutants at full-scale
WWTP included a membrane bioreactor with a total capacity
of 1000 L [106]. Therefore, knowledge integration of fungal
morphology, reactor design, and comprehensive analysis of
micropollutants and transformation products, can lead to the
development of tailored and robust systems. Nonetheless,
governmental initiatives need to motivate higher level integra-
tion between producers of micropollutants, WWTPs, and ac-
ademic research groups to intensify the scale-up of these sys-
tems. Mastering the use of membrane bioreactors can even
tackle the need of sterilization, and avoid cell and enzyme
washout. Although tailored systems might be needed, it is
hypothesized that coupling biomass biorefining with highly-
selective membrane bioreactors can become the silver lining
of cost-effective micropollutant removal processes.
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Conclusions

This work has exposed the potential multidimensional appli-
cation of filamentous fungi in pollution mitigation. Presently,
there is extensive knowledge on potential substrate range for
bioconversion by filamentous fungi, reactor design, morphol-
ogy steering, and symbiotic relationships with other organ-
isms. Nonetheless, there is a panoply of in-depth studies and
analyses that are proposed for future research in this review.
These can be specific to each of the two perspectives ad-
dressed in this review, namely valorization of “ordinary” side-
streams and micropollutant removal, or aiming at their inte-
gration. Overall, the increased interest and knowledge gath-
ered from studies applying omics techniques should be moti-
vated and coupled to strategies applying co-cultures or asso-
ciating microorganisms to nanotechnology for removal of
micropollutants; intersectoral collaboration needs to become
routine in order to increase the range of potential strategies for
valorization of sidestreams and provide a comprehensive view
of the flows of micropollutants in various matrices; and fungal
biomass biorefining into high-value applications should be
another focus of future research works together with knowl-
edge integration among strategies devoted to valorization of
ordinary sidestreams and removal of micropollutants in waste-
water with especial emphasis on tackling the need of nutrients
in the latter. Environmental pollution is continuous, if not
mitigate, and ecosystems will remain polluted, if not
remediated. Integration of governmental organizations, indus-
trials, and academic research groups can reunite the tools to
translate the immense knowledge on filamentous fungi into
processes for pollution mitigation and even to a paradigm shift
due to the establishment of a sustainable circular society.
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