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Abstract The exchange of nutrients among different species is one of the most
complex, intriguing, and important factors that favored the development of certain
microorganisms in evolutionary systems. As a direct result of this, microorganisms
in natural system often co-exist with many others in an organized manner. From an
engineering approach, the benefits of havingmultiplemicroorganisms in a bioprocess
may be beneficial to a number of reasons, including favoring the preferred metabolic
pathways of one organism, simultaneously by promoting other additional effects by
another. Among the many examples of microbial communities or consortia, one of
themost studied froma biological point of view are known as lichens—a combination
of fungi and algae and/or cyanobacteria. Adding to the fact that over one fifth of all
fungal species today known to be in its lichenized form, it is crucial to understand
the hidden benefits that such combination can offer to biosystems engineers. Fungal-
algal symbiotic relationships often offer significant and efficient exchange of gases,
promoting a healthy growth, and can be directly applied towards the solution of a
wide range of issues faced today by biorefineries. This chapter summarizes some
of the applications of this novel, yet promising, concept, including algal harvesting,
lipid accumulation, and bioremediation of wastewater, presenting also a brief history
and perspectives on the concept.
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16.1 Introduction

The interaction between different species is a key driver for evolutionary purposes
(Shong et al. 2012). The exchange of nutrientes among symbiotic organisms is one of
the most important and most studied factors in microbial communities (Sabra et al.
2010). Despite innumerous advances over the past centuries, understanding how a
species collaborates with another has been one of the hardest tasks in the biological
realm of studies, and many reasons and mechanisms remain nuclear. Among the
many types of mutual relationship between species, one of the most intriguing and
omnipresente is found in what we know today as lichens. Lichens exist as a dynamic
system between fungi and algae or cyanobacteria, and are widespread on the most
diverse habitats on the Earth crust mainly for reasons of nutrient exchange, and
therefore, for mutual survival (Rajendran and Hu 2016). Today, about 25% of all
fungi species are known to be in their lichen form (Lutzoni et al. 2001), and not only
they represent part of the geographic history of the world on their own, but they may
be part of the next wave of discoveries in biological engineering.

The proper mechanism of lichenization is species-dependent (Chen et al. 2000;
Lutzoni et al. 2001). The association of cyanobacteria or algae with fungi represent
a successful nutritional mode in which a heterotrophic fungal species partner with
a carbon dioxide-consuming and oxygen-emitting algae (Rajendran and Hu 2016).
Such association allows both species to co-exist without the need to rely on “external”
sources of energy, e.g., sunlight and other carbon sources. The overall evoluationary
success of lichens, today estimated to cover roughly 10% of the terrestrial ecosys-
tem, is hypothesized to play an important role in early development of terrestrial
ecosystems, and have been reported to correlate properly with paleological events,
such as global cooling (Quirk et al. 2015). Due to evolutionary and adaptation to
different habitats, lichens have adapted themselves to a wide range of growth forms
and habitat preferences. Lichens can be found as small crusts adhered to leaf surfaces
in the tropics to large turfs in the Arctic (Park et al. 2015). Ascomycota, the group
to which most lichenized fungi belong to, has been reported to have gained and lost
lichenization preferences over the geological eras (Blanco et al. 2006). With recent
developments in microalgal and fungal research and their potential applications in
bioprocessing, the field of artificial, or laboratory-made lichens has become reality.

The recent boom in microalgae research over the past two decades has answered
many questions over the many promising properties of microalgae in bioprocessing.
A common bottleneck that still represents an enormous task for their use relies on
the economic feasibility of the harvesting step (Reis et al. 2014). Though microalgae
brings the potential to become a key driver to a bio-renewable economy, the operation
facilities ofmicroalgae production are still hamperedby the energy-intensive or by the
application of hazardous and recalcitrant chemicals in the harvesting process (Mata
et al. 2010). Significant challenges to be overcome are also related to the water and
nutrient requirements, and the ecological implications ofmassive invasion to the local
biota. The harvesting process of microalgae remains a challenging task mainly due
to the morphological properties of a microalgae cell. Differently from multi-cellular
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organisms, as fungi, or even large unicellular yeast cells, microalgae cells are small
and have specific gravity values close to those of their culture medium (Pragya et al.
2013). Microalgae cells are usually cultured in suspension. The naturally occurring
negative charge of a microalgae cell surface usually brings stability for the cells
(Pragya et al. 2013). Microalgae cells are usually cultivated in dilute conditions,
which generally yields a poor ratio of biomass to liquid, increasing not only the
water footprint of such process, but also the downstream requirements. Conventional
algae harvesting operations are dependent on centrifugation, flocculation, flotation, or
filtrationmethods (Mata et al. 2010). Though there have been tremendous advances in
the field of algae harvesting, this chapterwill focus only on the processes related to the
combination of algae and fungi, which will be better described in the further sections.
As previously mentioned, other species, as fungi, are relatively easier to harvest
than microalgae. With the proper combination of fungi and microalgae, proper cell
attachment can occur, leaving a fungal biomass rich inmicroalgae cells on its surface,
and a clear culture medium (Gultom and Hu 2013). The application of such concept
is relatively new and requires further understanding in order to fully optimize the
process. As of today, the process of co-culture, or co-harvesting, is limited to a few
microalgal species (Zamalloa et al. 2017). As the mechanism of attachment is still
unclear, research has pointed difficulties in obtaining totality of cell aggregation and
in scaling up such process.

In summary, the application of microbial consortia, as is the case of artificial
lichens, compared to monocultures can be advantageous from different perspectives
from a biological engineering standpoint. Microbial consortia allow different species
to share different synthetic functions, i.e., it does not necessarily exploit the poten-
tial of a single species to its maximum, but rather, divide the issues among different
species. In addition, microbial consortia can aid the fine-tuning of different func-
tionalities of a biorefinery. It does poses additional difficulties, however, as many
interactions are not predictable from single-strain experiments. Thus, in order to
fully understand the potential of microbial consortia in a biorefinery setting, one
must understand the benefits and challenges of a given species and how such species
collaborates with another one. This chapter introduces some of the applications of
artificial lichens—one of the many groups defined as microbial consortia, and their
potential in bioprocessing.

16.2 Characteristics and Formation of Fungal-Algal
Systems

Naturally occuring algal biofilms are composed of three-dimensional, multispecies
and multilayered structures, involving a complex consortia of heterotrophic and
autotrophic organisms (Gauslaa 2014). The photoautotrophic microorganisms may
often include unicellular macro- and microalgae in natural systems, and these organ-
isms are characterizaed by their pigmentation, i.e., chlorophyll presence in their cells,
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which is able to capture solar energy and promote cellular functions (Campbell et al.
1998). The heterotrophic portion of these complex bodies can often include pro-
toza, bacteria, and fungi, which colonize different zones within the biofilm structure
aiming at the most suitable conditions for cell growth (McCune et al. 1997). The
microorganisms present in these complex ecosystems are usually held together by
matrices of EPS, which functionalize adhesion, retention of water and nutrients, dif-
fusion, protection, and aggregation (Rajendran and Hu 2016). EPS can account for
up to 90% of the dry biofilm mass and is mainly constituted by linear or branched
heteropolysaccharides, which monomers include hexoses, pentoses, uronic acids,
and deoxy-sugars (Nithyanand et al. 2015).

The cell surface of a biofilm material, such as the case of artificial lichens, is usu-
ally soft and covered with hydrated flexible macromolecules that facilitate adhesion
between cells and from cells to surfaces (Gultom and Hu 2013). Algal and fungal
cells produce surface macromolecules, which are often bridged. It has been proposed
that specifically in the case of a fungal-algal biofilm, the formation of such complex
structure is given by the following steps: (i) adhesion of fungal spores or germinating
fungal spores and algae to a matrix, (ii) proliferation of mononucleated cells over
the surface or the matrix, (iii) induction of fungal hyphal formation, inducing algal
attachment on mycelia (Rajendran and Hu 2016). Another important morphological
aspect is that fungal spores present crystalline-like layers, which prevent aggregation
within themselves and with other strains, in such a way that the growing hyphae acts
as the major promoter of bridge interactions between germinating spores and other
species. Microscopically, lectin-carbohydrate is an important factor in the binding of
algae and fungi. Particularly involving the role of lectin-carbohydrate is the presence
of calcium ions, which act as a link between negatively-charged cell and extracel-
lular nucleic acids, which enable cell-to-cell communication through electrostatic
interactions (Zamalloa et al. 2017). Through unclear mechanisms to date, the weak
binding of lectin-carbohydrate forms stable cell arrangements and increases the shear
resistance.

The use of artificial matrices has been tested in the formation of lichen-type
biofilms. Using a polypropylene spun and tape matrix, (Rajendran and Hu 2016)
described the four major steps in the formation of such biofilm on aM. circinelloides
andC. vulgaris setting: (i) preferential attachment of strains: fungal spores are known
to be highly hydrophobic, thus, the preferential attachment is found on the tape
yarn of the matrix within a few hours of the innoculation. It has also been observed
that algae cells attach to fungal cells within moments after the spore germination.
Within such system, it has been observed that the polypropylene fraction acts more
as a mechanical support than a growing support. The surface characteristics of the
hydrophobic material also have effects on the rate and on the extent of attachment
by fungal spores, on a sense that rougher and more hydrophobic materials will likely
develop biofilms more rapidly. (ii) germination of fungal spores: in which the fungal
spores attached to the polypropylene matrix propagate along its length, and algae
cells attach to their surface. Since M. circinelloides is a dimorphic fungus, it can
either grow as yeast or filamentous. It is unclear, though, what type of dimorphism
M. circinelloides presents at the initial stages of growth. Microscopic evidence
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shows that algal cells are covered by fungal cells, with little algal growth. (iii)
elongation and branching: after the fungal cells have filled in the space in-between
the perpendicular rows of polypropylene spun and tape yarn by its hyphae form,
algal cells start to autotrophically develop in the liquid phase. It is hypothesized that
the lichen formation of M. circinelloides is similar to the one reported by Candida
albicans, in which yeast and hyphal cells comprise the fungal network (Finkel and
Mitchell 2011). (iv) mature lichen biofilm: as the thickness of the biofilm increases,
algal cells attach to the fungal mycelia. EPS concentrations increase and as pointed
above, may significantly contribute to the cell cohesion to the surface.

16.3 Applications in Microalgae Harvesting

The cultivation of autotrophic algae is highly promising towards the development
of novel bioprocesses (Reis et al. 2014). The ability to utilize carbon dioxide as
carbon source is renowned as a ‘win-win’ situation, in which effluent gases, e.g.
flue gas, can be directly used as feedstock for growing microalgae, at the same time
reducing the treatment costs for such effluent. However, in order to fully establish
an autotrophic microalgae biorefinery, the cell harvesting step remains as the most
significant obstacle on the downstream processing. Autotrophic microalgae cells
usually have low density, small size, and quasi-colloidal properties (Zhang et al.
2010).Anumber of different harvesting techniques have been applied, such as gravity
sedimentation, centrifugation, flocculation and flotation, ultrasonic aggregation, and
filtration, and combinations of the aforementioned operations (Reis et al. 2014).
It has been reported that the utilization of most of these approaches are feasible
when it comes to the extraction of high-value chemicals from microalgal biomass,
however, for the production of commodity and fuel chemicals, harvesting hinders
the economic feasibility. Harvesting fungi, on the other hand, is an easier operation
when compared to microalgae. Filamentous fungi grow from a hyphae structure, i.e.,
a polarized pattern in the form of filaments (Xia et al. 2011). The elements present
in a fungal hyphae outgrow of single cells or spores as multinucleate tubes, which
moves within a hypha towards the hyphal tip (Balmant et al. 2015). The hyphal
tip is the only place where the hyphae grows. From the hyphal tip, which is place
responsible for additional growth, diversification of hyphal growth is given, forming
a network of hyphae, or also known as mycelia. Depending on the conditions applied
to a given submerged fungal growth, mycelia can form pellets, which are spherical
or elipsoidal masses of hyphae. Such pellets can vary significantly from loose to
compact structures, which form a clear phase separated from the submerged growth,
easily harvested after the fermentation process (Xia et al. 2011).

A method to harvest microalgae has been disclosed based on the utilization of
fungal pellets as adsorbent matrix and has been reproduced within different studies
(Gultom et al. 2014). The fungal-algal co-pelletization process can be considered as
a type of co-culture, in which the fungi co-exist with microalgae cells. In the cases
involving autotrophic microalgae, without any external carbon source to the system,
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the symbiotic relationship of algae and fungi has been reported to be similar to the
one found in natural lichens (Gultom et al. 2014). The fungal-algal co-pelletization
is reported to be similar to a flocculation process, in which the hyphae acts as floccu-
lants to themicroalgae cells (Ummalyma et al. 2017). Though themechanism of such
attraction remains unclear to date, it can possibly be explained through the under-
standing of zeta potential at each cell surface (Zamalloa et al. 2017). It is known that
the surface cell charge and size of microalgae are the main factors for its suspension
stability. Under neutral pH, microalgae is usually characterized to have a negative
charge due to the presence of carboxylic, phosphoric, and hydroxyl groups on the
proteic cell surface (Zamalloa et al. 2017). The zeta potential is usually within the
range of−10 to−35 mV (Henderson et al. 2008). Fungi, on the other hand, if grown
on acid conditions, usually possess positive zeta potentials (Holder et al. 2007). It has
been reported for Aspergillus flavus measurements of +46.1 mV, and for Beauveria
bassiana, +22 mV (Holder et al. 2007). Therefore, it is hypothesized that an elec-
trostatic attraction between fungi and algae is a major factor for this phenomenon to
happen. Such phenomena is similar to the one found in bioflocculation, a concept
studied for decades, using bacteria and algae. The principles of bioflocculation are
linked to the production of bioflocculant chemicals on the cell surface of different
bacteria species.

It has been reported for a system of A. niger and C. vulgaris that within the best
culturing conditions, more than 90% of microalgal cells can easily be harvested by
using pelletized fungal cells (Gultom et al. 2014). In such system, an organic carbon
source was necessary in order to sustain the fungal growth, and it has been observed
that such concept can be applied to C. vulgaris under hetero- or photoautotrophic
modes. Regarding the external carbon source, glycerol and acetate were reported to
be successfully used, both which were functional, but with lower results in terms
of harvesting efficiency than glucose. Competition was clearly observed regarding
the nutrients in heterotrophic conditions, but the symbiotic results indicated greater
biomass accumulations than the axenic cultures (Gao et al. 2015; Gultom et al.
2014). Yields no higher than 75% of attachment have been reported on large scale
operations, and the most successful application of such concept in the literature is
related to a biofilm membrane photobioreactor, utilizing a submerged membrane,
which was able to harvest Chlorella vulgaris at an efficiency of 72.4% (Gao et al.
2015).

16.4 Lipid Accumulation

The production of lipids by oleaginous fungi is a promising route to reduce the need
of oil feedstock for fuel and chemical applications (Rivaldi et al. 2017). Similarly
to oleaginous fungi, several algae strains are also known to accumulate high con-
tents of lipids, which have been reported to be successfully used as feedstock for
biodiesel and other applications (Reis et al. 2014). Both fungi and algae can accu-
mulate lipids with high content of fatty acids, thus, being considered a substitute for
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plant-based oils for biodiesel production. Fungi and algae have the ability to grow
rapidly in bioreactors, and are able to utilize a wide range of lignocellulosic waste
material as nutrient source, as nitrogen and phosphorus. Though the cell wall of
fungi can represent additional challenges to the extraction of lipids, especially due to
their extensively cross-linked chitin composition, the purpose of this chapter remains
within the scope of presenting the opportunities from utilizing lichens, and technical
challenges of single-species cultures will not be thoroughly discussed. Therefore, the
beneficial physical and physiological interactions among different microbial com-
munities can represent a promising strategy for next-generation lipid production.
It may seem counter-intuitive to try to consolidate multiple microorganisms into a
single processing if one thinks about consolidated bioprocessing (CBP) approaches.
CBP is often described as the engineering behind the consolidation of multiple path-
ways and operations to the least amount of processing possible, usually into a single
organism (Olson et al. 2012). Among the drawbacks CBP is known for, themetabolic
bottlenecks stands as the most critical ones (Banerjee et al. 2010). Consequently, in
applications like lipid production, a mixed culture may be a solution for the selection
of microalgae and fungi species and strains that are more suitable to perform one task
of the overall process, instead of many. Therefore, specially in lipid producing and
accumulating strains, the application of microbial consortia can therefore deviate the
burden of introducing new functionalities to strains, and rather simply improving
naturally-occurring metabolic pathways.

Lipid accumulation in microorganisms is regulated by starvation of a nutrient,
usually N (Ratledge and Wynn 2002). Experiments have been performed to demon-
strate that nitrogen depletion started earlier in a co-culture system when compared
to axenic cultures. In such case, various other metabolites have also been enhanced,
such as peptides, amino acids, and nitric oxide. The strategy of early nitrogen deple-
tion can also be thought of being an engineering approach, as it shortens the culture
time. Systems like these tend to increase the complexity of a given study, and under-
standing the competition effects may be necessary. In a competitive system ofMono-
raphidium sp. and Chlorella sp., the microalgae cells produced more C18 fatty acids
that inhibited the growth ofMonoraphidium cells (Zhao et al. 2014). The ‘survival’
strategy adopted by Chlorella cells is in accordance to other studies that claim that
C. vulgaris is able to release inhibitory compounds when co-cultivated with other
microorganisms (Cheirsilp et al. 2011). In addition, the utilization of mixed cultures
may be beneficial in systems with nutrient sources derived from lignocellulosic feed-
stock. As an example, as R. toruloides is known to be a poor producer of inulases
and amylases, it was grown with Saccharomycopsis fibuligera, a known producer
of both enzymes, in a cassava starch medium (Dostálek and Häggström 1983). The
result was an efficient and low-cost method of producing single cell oil, achieving
64.9% of dry cell weight as lipids and cell concentrations as high as 20.1 kg m−3.
Similarly, the use of Rhodotorula mucilaginosa and P. guilliermondii was tested in a
2.0%-inulin medium, achieving lipid concentrations as high as 53.16% on a weight
basis (Zhao et al. 2011).

In order to establish a lipid producing system based on a microbial consortia,
one must take in consideration that the strains selected should have high lipid pro-
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ductivities, with similar nutrient profiles, preferably obtained from complementary
niches, which may help to reduce the competition between species. In a study with
A. fumigatus and different microalgae strains, it was concluded that lipid produc-
tion in the fungal-algal pellets showed complex profiles, to which three main factors
are attributed: (i) total biomass production, (ii) lipid concentrations in fungal and
algal cells before and during cultivation process, and (iii) harvesting efficiency of
A. fumigatus pellets (Wrede et al. 2014). It has also been reported that after 48 h of
co-culturing A. fumigatuswith oleaginous microalgae, which were defined with lipid
concentrations greater than 10% of biomass dry weight, lipid concentration in the
formed pellets were lower than in mono-cultured algae, but similar or greater than
those observed inmono-culturedA. fumigatus. Regarding fatty acid composition, the
fungal contribution led to high concentrations of C16:0, C18:0, C18:1, and C18:2
(Wrede et al. 2014).

It is important to understand the feasibility of using fungal-algal based lipids
in the production chain of biofuels. In this case, considering biodiesel as the main
product from microbial lipids, the fungal-algal biomass can be used as feedstock
usually through extraction of lipids and followed by transesterification, or by
in situ transesterification followed by extraction of biodiesel from biomass (Li et al.
2008). Extraction processes are generally energy intensive and costly, since they
involve the use of solvents in traditional processes and significant consumption of
electricity. The Department of Energy (US DOE) proposed the following bench-
mark for biofuel production from algae, which could be extrapolated to the use of
fungal-algal biomass: the extraction should consume no more than 10% of the total
energy produced on a daily basis (Liu et al. 2012). Some microalgal species have
additional morphological barriers to energy-efficient extraction processes, as is the
case of Nannochloropsis occulata, which have very tough cell walls (Borges et al.
2011). Similarly to N. occulata, the production of fungal-algal platforms involves
an increase in EPS, which as discussed in other parts of this chapter, increase
significantly the toughness of the overall structure, posing additional difficulties to
the extraction process. The transesterification process per se can be considered less
challenging than the extraction steps, as conversion yields in the literature are usually
close to totality in acid-, base-, and enzyme-catalyzed systems (Meng et al. 2009).

16.5 Bioremediation Applications

The use of algal-based systems in wastewater treatment has been extensively studied
over the past decades (Mallick 2002), and has been successfully applied in a number
of large industrial scale operations (Craggs et al. 2012). Despite the advances, there
are technical limitations, which limit the application of algal-based systems. As
of today, applications as reverse osmosis are being used worldwide in order to meet
demand for water reclamation in intensive urban systems. Reverse osmosis, however,
generates saline concentrate streams, which contain almost all of the nutrients and
contaminants at elevated concentrations (Dialynas et al. 2008). The growing need
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to explore cost-effective treatment operations is an opportunity for biological-based
systems to be fully explored in order to reduce environmental and health risks that
traditional methods, as reverse osmosis, can often bring. The concept of utilizing
wastewater treatment methods based on algae-based biofilms is that they offer a
simple, yet energy-efficient technology for sorption of key nutrients, as N and P,
and offer an easy and robust separation from the wastewater bulk (Mehta and Gaur
2005). The use of co-culture to treat various types of wastewater is a developing
field of study. As mentioned in the previous sections, the combination of different
microorganisms in a complex media may significantly increase the biotechnological
effect of a given culture. Recently, the use of fungal-algal pellets has been used on
reducing the toxicity of different effluents. Fungal-algal pellets of Aspergillus sp. and
C. vulgaris have been used to treat centrate (Wrede et al. 2014), i.e. a liquid stream
generated through centrifugation of activated sludge, and diluted swine manure. The
first one contained about 50 mg L−1 of ammonia and phosphates, while the later, a
higher concentration of ammonia (89mgL−1) and lower concentration of phosphates
(1.8 mg L−1). The researchers observed that in both conditions, the pellets were able
to significantly decrease N and P, as well as color, producing a practically colorless
suspension in about 24 h (Wrede et al. 2014). Similar results were observed by the
utilization of A. fumigatus with C. protothecoides and Tetraselmis suecica using
digestate from swine manure, with concentration uptakes of as high as 73.9% of
ammonia and 55.6% of phosphates. It has also been observed that the uptake of key
nutrients led up to 1.7 fold increase in biomass production after 48 h of treatment. The
use of A. fumigatus with T. chuii has also been tested with diluted swine wastewater,
diverted froma lagoon system, inwhich up to 86%of ammonia and 69%of phosphate
were uptaken in just 48 h of treatment (Wrede et al. 2014). In addition, pellets from
A. fumigatus and Synechocystis sp. were grown on digestate wastewater from a
municipal treatment facility (Miranda et al. 2015). For the latter study, it has been
reported that in relatively concentrated suspensions (25% of original wastewater
concentration), pellets were able to reduce ammonia-N to levels close to 90% (164.3
to 18.2 mg L−1) and phosphate-P to levels as high as 75% (38.7 to 9.8 mg L−1).
Interestingly, the synergystic effect was higher than in the axenic cultures, which
achieved results no higher than 52% for ammonia-N, and 45% for phosphate-P.
Still regarding this study, biomass yields were increased to 2.3-fold compared to the
control system, and lipids were increased by 1.5-fold (Miranda et al. 2015).

An experimental setup was also established using corn to ethanol co-products
as culture medium (Rajendran et al. 2017). The major difference between corn to
ethanol co-products, in particular, stillage water, and agricultural effluents is the con-
centration of nutrients (Reis et al. 2017). Particularly speaking, Condensed Distillers
Solubles (CDS) has at least one order of magnitude on concentrations of P and N
than diluted swine manure and other hydrolysates used by (Miranda et al. 2015). In
a study with diluted CDS, a biofilm composed by Mucor sp. and C. vulgaris was
tested, and results have shown that the microbial biomass achieved concentrations
as high as 9.358 g L−1 at a 12-day culture, being mostly composed by fungal cells
(97.2% of the mature biofilm) (Rajendran et al. 2017). Bioremediation of viscous
materials like CDS should also take in consideration the presence of solids attached
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to the biofilm. Particularly in the aforementioned study, the attached solids decreased
from 6.304 to 3.349 g L−1 at 4 days and 12 days of culture respectively. Nutrient
wise, the biofilm was able to retain 55.7 and 74% of the original concentrations of
P (818 mg L−1) and N (924 mg L−1), respectively. Results also show a decrease in
Chemical Oxygen Demand (COD) levels up to 65.6% (Rajendran et al. 2017). As
other studies have also shown, the combination of different cultures achieved higher
biomass concentrations than the axenic cultures under all the conditions tested.

It is important to note that most of these applications of co-culturing microor-
ganisms are relatively new, though the concept of applying lignocellulosic waste
as nutrient source to fungi and algae has been a key topic of research for decades
(Sánchez 2009). Fungal treatments are known for their ability to digest lignocel-
lulosic biomass, especially by the production of active enzymes including cellu-
lases and hemicellulases, pectinases, phytases, laccases and manganese peroxidases.
Understanding the fungal role in producing such enzymesmay be an important factor
when upscaling bioremediation and processes involving accumulation of commodity
biomass. For example, in order to potentially decrease the costs of fungal-assisted
bioflocculation using A. fumigatus as the fungal species, rice straw could succesfully
be used as partial replacement of nutrients for the microorganisms involved due to
the extensive production of endo- and exo-glucanases, beta-glucosidases, laminar-
inases, lichenases, xylanases, and pectin lyases, which are able to hydrolyze rice
straw and provide a healthy system for microbial growth (Zhang et al. 2011). It has
been observed in the cited study that in a media containing wheat straw as the sole
source of carbon, fungal pellets showed similar growth rates and sizes to the control
experiments, i.e., those grown on glucose (Muradov et al. 2015). One reported draw-
back, however, was that fungal pellets when grown on wheat straw biomass release
chemicals that are inhibitory for algal growth (Muradov et al. 2015). Therefore, the
application of lignocellulosic materials for fungal-assisted algal flocculation needs
to be further studied in order to reduce the production of anti-algal chemicals.

16.6 Perspectives on the Development of Lichen-Based
Bioprocesses

Though the application ofmicrobial consortia in the reported literature results mostly
considers the results of a ‘single’ organism, i.e., as if the mutualistic organisms acted
as they were one, it is important to understand that the characteristics of a given
biomass material generated from artificial lichens can be differed according to the
composing species. It is true that mixed cultures generate a single biomass type,
which is close to being homogeneously distributed across its volume, except in cases
with gradient conditions of growth, e.g. light and nutrient. The resulting biomass can
be roughly estimated as the weighted average of the composing organisms contribu-
tion (Wrede et al. 2014). It has been reported that particularly in lichens, the fungal
weight contribution exceeds greatly the algal composition (Rajendran et al. 2017;
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Rajendran andHu 2016); therefore, onemust take in account that the fungal composi-
tion may largely exceed the algal contribution to the overall biomass. Understanding
this concept is particularly of interest in cases in which a compound is either fungal
or algal-based, and a co-culture is used to produce it. Another important factor to
be taken in consideration is that co-culture operations lead to more robust systems,
whichmay reduce the energy required for sterilization (Muradov et al. 2015). Though
single-cell cultures can be preferred due to their reproducibility, an ideal co-culture
system should be able to provide support to the development of natural biological
characteristics of each organism in order to enhance their cellular interactions.

Innovative ways of co-cultivating microorganisms can lead to outcomes that are
close to unachievable in non-gene modified single-cell cultures. Examples regarding
lipid accumulation are: (i) increase in release of free fatty acids into the extracellular
medium; (ii) production of enzymes that are beneficial to the other species, such
as inulases and amylases in a Saccharomycopsis fibuligera and R. toruloides in a
cassava starch medium (Gen et al. 2014). In this regard, the choice of a consortium
of lipid-producing strains may also pose challenges on the rheology of submerged
cultures and lipogenic capacities. From an engineering perspective, the enhance-
ment of mass transfer coefficients is a major challenge improving production yields
(Boopathy 2000). Though it may seem counter-intuitive to think that aeration may
be necessary in systems with algae, usually fungal consumption of oxygen is higher
than production by algae, therefore, oxygenation and oxygen mass transfer is nec-
essary for an efficient growth and production of desired metabolites. In high-cell
density cultures, growth is dependent on the mass transfer rate. In such sense, diffu-
sion limitations results in lower productivities. Therefore, an adequate reactor system
that can provide high mass transfer rates is usually necessary in order to establish a
bioprocess like the one discussed (Boopathy 2000). Even though high mass transfer
rates are needed, one alsomust take in account the shear and the stress suffered by the
cells inside a bioreactor. As a bottomline, these and other issues should be taken in
consideration when addressing the commercial viability of a fungal-algal medium.

As is the case with many other emerging technologies, many questions are still
unanswered. Usually experiments in co-culture systems are carried out by having two
or more controls using monocultures in a pure culture system, in which the strains
are submitted to identical conditions, e.g. operating conditions, substrate concen-
tration, medium type, etc., in order to mimic the biological environment and their
reactions to the growth. Co-culture assays, however, may impose competitiveness
among different cultures, and results may not be easy to interpret and obtain ‘log-
ical’ data from. Competition may benefit one species in detriment of the other, or
may harm both. A clear example is found in the case of lipid-producing strains,
in which competition can clearly impact the lipogenesis process. In order to over-
come such difficult comprehension, a handful of techniques can be applied. One of
them is molecular biology and genetics, in order to establish the metabolic guide-
lines and function of genes involved in microbial lipid assimilation, accumulation,
and processing. Therefore, thoroughly understanding the strain abilities, kinetics,
and biological mechanisms has become a focus for researchers, not only to fun-
damentally develop mechanisms for enhancement of processes, but also to avoid
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the misinterpretation of results. Among the techniques and mechanisms researchers
have used to better understand the cell-to-cell communication are cross feeding and
metabolite exchange. Metagenomic sequencing is another proeminent tool for steer-
ing the functionalities of microbial communities, especially by describing cellular
regulations at metabolic levels and by drawing a simplified microenvironment of a
given mixed culture (Morfopoulou and Plagnol 2015).

Finally, additional challenges are often found not only in the fermentation itself,
but also in the downstream process. Downstream processes are usually considered
high-cost and challenging depending on the cultivation process. For example, contin-
uous centrifugation to separate lipid-producing cells from the fermentation broth is
one of the most considered alternatives to the separation of biomass from the fermen-
tation broth. However, such process is highly intensive and often present technical
challenges. Other options, as is the case of flocculation and filtrationmay also present
cost inhibition to an overall biotechnological process (Milledge andHeaven 2013). In
the case of intracellular metabolites, as is usually the case for lipid bodies, following
the cell separation steps, cell lysis and solvent extraction are also a suggested route.
Both processes are well understood and reviewed in the literature, however as it is
pointed out, chemical treatment can also pose environmental risks. In addition, many
extraction processes rely on dry biomass, which pose additional energy requirements
for drying the cells prior to extraction.

16.7 Conclusion and Future Perspectives

This chapter comes in the context that in a world with growing population, increasing
urban densities, and increased footprint on natural resources, alternatives must be
developed in order to ensure a sustainable future. Artificial lichens can be a promising
alternative to some of the challenging tasks of the nearby future. The extensive use
of plantable lands and the growing consumption of freshwater by energy crops have
been an incentive for next generation bioenergy and a bio-based economy. As pointed
by (Langeveld et al. 2010), the selection criteria for suitable alternatives in a bio-based
economymust be as follows: (i) strains with high growth rates and increased biomass
production, (ii) strains that are able to produce high concentrations of energy-dense
molecules, e.g., lipids, (iii) high harvesting index and ease of harvesting, (iv) capac-
ity to grow on marginal and low-value lands, with lack of competition with existing
agricultural crops, (v) low dependence on freshwater, (vi) low costs for growth and
harvest, (vii) production of value-added products. Generally speaking, despite being
an early concept, novel tools for analysis and engineering of microbial communities
havebeendeveloped, including those present in synthetic biology andmetabolic engi-
neering. A common concept that is sometimes overlooked is the process of obtaining
a reliable community behavior and reproducible results. Studies in the area should
take advantage of the innumerous advances in the intersection of molecular biology
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and biosystems engineering in order to fully develop solutions for the problems in
bioprocessing, bioremediation, and even biosensing, and other many applications in
which answers are urgely needed to meet the demands of a sustainable future.
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